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Preface 

What enters your mind when you hear the words "organic chemistry?" Some of you may think, 
"the chemistry of life," or "the chemistry of carbon." Other responses might include "pre-med, 
"pressure," "difficult," or "memorization." Although formally the study of the compounds of 
carbon, the discipline of organic chemistry encompasses many skills that are common to other 
areas of study. Organic chemistry is as much a liberal art as a science, and mastery of the concepts 
and techniques of organic chemistry can lead to improved competence in other fields. 

As you work on the problems that accompany the text, you will bring to the task many 
problem-solving techniques. For example, planning an organic synthesis requires the skills of a 
chess player; you must plan your moves while looking several steps ahead, and you must keep 
your plan flexible. Structure-determination problems are like detective problems, in which many 
clues must be assembled to yield the most likely solution. Naming organic compounds is similar to 
the systematic naming of biological specimens; in both cases, a set of rules must be learned and 
then applied to the specimen or compound under study. 

The problems in the text fall into two categories: drill and complex. Drill problems, which 
appear throughout the text and at the end of each chapter, test your knowledge of one fact or 
technique at a time. You may need to rely on memorization to solve these problems, which you 
should work on first. More complicated problems require you to recall facts from several parts of 
the text and then use one or more of the problem-solving techniques mentioned above. As each 
major type of problem — synthesis, nomenclature, or structure determination — is introduced in the 
text, a solution is extensively worked out in this Solutions Manual. 

Here are several suggestions that may help you with problem solving: 

1. The text is organized into chapters that describe individual functional groups. As you 
study each functional group, make sure that you understand the structure and reactivity of 
that group. In case your memory of a specific reaction fails you, you can rely on your 
general knowledge of functional groups for help. 

2. Use molecular models. It is difficult to visualize the three-dimensional structure of an 
organic molecule when looking at a two-dimensional drawing. Models will help you to 
appreciate the structural aspects of organic chemistry and are indispensable tools for 
understanding stereochemistry. 

3. Every effort has been made to make this Solutions Manual as clear, attractive, and 
error-free as possible. Nevertheless, you should use the Solutions Manual in moderation . 
The principal use of this book should be to check answers to problems you have already 
worked out. The Solutions Manual should not be used as a substitute for effort; at times, 
struggling with a problem is the only way to teach yourself. 

4. Look through the appendices at the end of the Solutions Manual. Some of these 
appendices contain tables that may help you in working problems; others present 
information related to the history of organic chemistry. 

Although the Solutions Manual is written to accompany Organic Chemistry, it contains 
several unique features. Each chapter of the Solutions Manual begins with an outline of the text that 
can be used for a concise review of the text material and can also serve as a reference. After every 
few chapters a Review Unit has been inserted. In most cases, the chapters covered in the Review 
Units are related to each other, and the units are planned to appear at approximately the place in the 
textbook where a test might be given. Each unit lists the vocabulary for the chapters covered, the 
skills needed to solve problems, and several important points that might need reinforcing or that 
restate material in the text from a slightly different point of view. Finally, the small self-test that has 
been included allows you to test yourself on the material from more than one chapter. 




I have tried to include many types of study aids in this Solutions Manual Nevertheless, 
this bookcan only serve as an adjunct to the larger and more complete textbook If Organic 
Chemistry is the guidebook to your study of organic chemistry, then the Solutions Manual the 
roadmap that shows you how to find what you need. 

A cknowledements I would like to thank my husband, John McMurry, for offenng me the 
thorough accuracy checks was indispensable. 
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Chapter Outline 

I. Atomic Structure (Sections 1.1 - 1.3). 

A. Introduction to atomic structure (Section 1.1). 

1 . Atoms consist of a dense, positively charged nucleus surrounded by negatively 
charged electrons. 

a. The nucleus is made up of positively charged protons and uncharged neutrons. 

b. The nucleus contains most of the mass of the atom. 

c. Electrons move about the nucleus at a distance of about lCT 10 m. 

2. The atomic number (Z) gives the number of protons in the nucleus. 

3 . The mass number (A) gives the total number of protons and neutrons. 

4. All atoms of a given element have the same value of Z. 

a. Atoms of a given element can have different values of A. 

b . Atoms of the same element with different values of A are called isotopes. 

B. Orbitals (Section 1.2). 

1 . The distribution of electrons in an atom can be described by a wave equation. 

a. The solution to a wave equation is an orbital, represented by T. 

b. T 2 predicts the volume of space in which an electron is likely to be found. 

2. There are four different kinds of orbitals (s, /?, d,f). 

a. The s orbitals are spherical. 

b. The p orbitals are dumbbell-shaped. 

c . Four of the five d orbitals are cloverleaf-shaped. 

3 . An atom's electrons are organized into shells. 

a. The shells differ in the numbers and kinds of orbitals they have. 

b. Electrons in different orbitals have different energies. 

c. Each orbital can hold two electrons. 

4. The two lowest-energy electrons are in the Is orbital. 

a. The 2s orbital is the next in energy. 

Each p orbital has a region of zero density, called a node. 

b. The next three orbitals are 2 p x , 2 p y and 2 p z , which have the same energy . 

C. Electron Configuration (Section 1.3). 

1 . The ground-state electron configuration of an atom is a listing of the orbitals 
occupied by the electrons of the atom. 

2 . Rules for predicting the ground-state electron configuration of an atom: 

a. Orbitals with the lowest energy levels are filled first. 

The order of filling is Is, 2s, 2 p, 3s, 3/?, 4s, 3d. 

b. Only two electrons can occupy each orbital, and they must be of opposite spin. 

c . If two or more orbitals have the same energy, one electron occupies each until 
all are half-full (Hund's rule). Only then does a second electron occupy one of 
the orbitals. 

All of the electrons in a half-filled shell have the same spin. 

II. Chemical Bonding Theory (Sections 1.4- 1.5). 

A. Development of chemical bonding theory (Section 1.4). 

1 . Kekule and Couper proposed that carbon has four "affinity units" - carbon is 
tetravalent. 

2. Other scientists suggested that carbon can form double bonds, triple bonds and 
rings. 
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3 . Van't Hoff and Le Bel proposed that the 4 atoms to which carbon forms bonds sit 
at the comers of a regular tetrahedron. 

4. In a drawing of a tetrahedral carbon, a wedged line represents a bond pointing 
toward the viewer, and a dashed line points behind the plane of the page. 

B . Covalent bonds. 

1 . Atoms bond together because the resulting compound is more stable than the 
individual atoms. 

a. Atoms tend to achieve the electron configuration of the nearest noble gas. 

b . Atoms in groups 1 A, 2A and 7 A either lose electrons or gain electrons to form 
ionic compounds. 

c. Atoms in the middle of the periodic table share electrons by forming covalent 
bonds. 

2. The number of covalent bonds formed by an atom depends on the number of 
electrons it has and on the number it needs to achieve an octet. 

3 . Covalent bonds can be represented two ways. 

a. In Lewis structures, bonds are represented as pairs of dots. 

b. In line-bond structures, bonds are represented as lines drawn between two 
atoms. 

4. Valence electrons not used for bonding are called lone-pair electrons. 

Lone-pair electrons are represented as dots. 

C. Valence bond theory (Section 1.5). 

1 . Covalent bonds are formed by the overlap of two atomic orbitals, each of which 
contains one electron. The two electrons have opposite spins. 

2. Each of the bonded atoms retains its atomic orbitals, but the electron pair of the 
overlapping orbitals is shared by both atoms. 

3 . The greater the orbital overlap, the stronger the bond. 

4. Bonds formed by the head-on overlap of two atomic orbitals are cylindrically 
symmetrical and are called a bonds. 

5 . Bond strength is the measure of the amount of energy needed to break a bond. 

6 . Bond length is the optimum distance between nuclei. 

7. Every bond has a characteristic bond length and bond strength. 

III. Hybridization (Sections 1.6 - 1.10). 

A. sp 1 Orbitals (Sections 1.6, 1.7). 

1 . Structure of methane (Section 1.6). 

a. When carbon forms 4 bonds with hydrogen, one 2s orbital and three 2 p orbitals 
combine to form four equivalent atomic orbitals ( sp 3 hybrid orbitals). 

b . These orbitals are tetrahedrally oriented. 

c. Because these orbitals are unsymmetrical, they can form stronger bonds than 
unhybridized orbitals can. 

d. These bonds have a specific geometry and a bond angle of 109.5°. 

2 . Structure of ethane (Section 1 .7). 

a. Ethane has the same type of hybridization as occurs in methane. 

b. The C-C bond is formed by overlap of two sp 3 orbitals. 

c. Bond lengths, strengths and angles are very close to those of methane. 

B. sp 2 Orbitals (Section 1.8). 

1 . If one carbon 2s orbital combines with two carbon 2 p orbitals, three hybrid sp 2 
orbitals are formed, and one p orbital remains unchanged. 

2. The three sp 2 orbitals lie in a plane at angles of 120°, and the p orbital is 
perpendicular to them. 

3 . Two different types of bonds form between two carbons. 

a. A a bond forms from the overlap of two sp 2 orbitals. 

b. A n bond forms by sideways overlap of two p orbitals. 

c. This combination is known as a carbon-carbon double bond. 
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4. Ethylene is composed of a carbon-carbon double bond and four o bonds formed 
between the remaining four sp 2 orbitals of carbon and the Is orbitals of hydrogen. 
The double bond of ethylene is both shorter and stronger than the C-C bond of 
ethane. 

C. sp Orbitals (Section 1.10). 

1 . If one carbon 2s orbital combines with one carbon 2 p orbital, two hybrid sp orbitals 
are formed, and two p orbitals are unchanged. 

2. The two sp orbitals are 180° apart, and the two p orbitals are perpendicular to them 
and to each other. 

3 . Two different types of bonds form. 

a. A a bond forms from the overlap of two sp orbitals. 

b. Two n bonds form by sideways overlap of four p orbitals. 

c. This combination is known as a carbon-carbon triple bond. 

4. Acetylene is composed of a carbon-carbon triple bond and two a bonds formed 
between the remaining two sp orbitals of carbon and the Is orbitals of hydrogen. 

The triple bond of acetylene is the strongest carbon-carbon bond. 

D. Hybridization of nitrogen and oxygen (Section 1.10). 

1 . Covalent bonds between other elements can be described by using hybrid orbitals. 

2. Both the nitrogen atom in ammonia and the oxygen atom in water form sp 3 hybrid 
orbitals. 

The lone-pair electrons in these compounds occupy sp 3 orbitals. 

3 . The bond angles between hydrogen and the central atom is often less than 109° 
because the lone-pair electrons take up more room than the cs bond. 

4. Because of their positions in the third row, phosphorus and sulfur can form more 
than the typical number of covalent bonds. 

IV. Molecular orbital theory (Section 1.11). 

A. Molecular orbitals arise from a mathematical combination of atomic orbitals and belong 
to the entire molecule. 

1 . Two \s orbitals can combine in two different ways. 

a. The additive combination is a bonding MO and is lower in energy than the two 
hydrogen Is atomic orbitals. 

b . The subtractive combination is an antibonding MO and is higher in energy than 
the two hydrogen Is atomic orbitals. 

2 . A node is a region between nuclei where electrons aren't found. 

If a node occurs between two nuclei, the nuclei repel each other. 

3 . The number of MOs in a molecule is the same as the number of atomic orbitals 
combined. 

V. Chemical structures (Section 1.12). 

A. Drawing chemical structures. 

1 . Condensed structures don't show C-H bonds and don't show the bonds between 
CH 3 , CH 2 and CH units. 

2. Skeletal structures are simpler still. 

a. Carbon atoms aren't usually shown. 

b. Hydrogen atoms bonded to carbon aren't usually shown. 

c. Other atoms are shown. 
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Solutions to Problems 



1.1 (a) To find the ground-state electron configuration of an element, first locate its atomic 

number. For oxygen, the atomic number is 8; oxygen thus has 8 protons and 8 electrons. 
Next, assign the electrons to the proper energy levels, starting with the lowest level. Fill 
each level completely before assigning electrons to a higher energy level. 

Notice that the 2 p electrons are in different orbitals. According to Hund's rule , we must 
place one electron into each orbital of the same energy level until all orbitals are half-filled. 

2P “fir 4— 4— 

Oxygen 2s 4f 

Remember that only two electrons can occupy the same orbital, and that they must be of 
opposite spin. 

A different way to represent the ground-state electron configuration is to simply write 
down the occupied orbitals and to indicate the number of electrons in each orbital. For 
example, the electron configuration for oxygen is Is 2, 2 s 2 2 p A . 

(b) Silicon, with an atomic number of 14, has 14 electrons. Assigning these to energy 
levels: 



-1— -f— 

35 IF 

Silicon 2 p IF IF IF 

2* -ff 

Is -ff 

The more concise way to represent ground-state electron configuration for silicon: 
Is 2 2 s 2 2 p 6 3 s 2 3p 2 

(c) Is 2 2 s 2 2 p 6 3 s 2 3 p 4 

3p |F -f- f- 

3s IF 
FF 4F- IF 



Sulfur 
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1 . 2 Strategy: The elements of the periodic table are organized into groups that are based on 
the number of outer-shell electrons each element has. For example, an element in group 1 A 
has one outer-shell electron, and an element in group 5A has five outer-shell electrons. To 
find the number of outer-shell electrons for a given element, use the periodic table to locate 
its group. 

Solution: 

(a) Magnesium (group 2 A) has two electrons in its outermost shell. 

(b) Molybdenum is a transition metal, which has two electrons in the 4s subshell, plus four 
electrons in its 3d subshell. 

(c) Selenium (group 6A) has six electrons in its outermost shell. 

1 . 3 Strategy: A solid line represents a bond lying in the plane of the page, a wedged bond 
represents a bond pointing out of the plane of the page toward the viewer, and a dashed 
bond represents a bond pointing behind the plane of the page. 

Solution: 

H 

I 

^.C Chloroform 

Cl^ V 'Cl 
Cl 




1 . 5 Strategy: Identify the group of the central element to predict the number of covalent bonds 
the element can form. 

Solution: (a) Germanium (Group 4A) has four electrons in its valence shell and forms 
four bonds to achieve the noble-gas configuration of neon. A likely formula is GeC^. 



Element 


Group 


Likely Formula 


(b) A1 


3A 


A1H 3 


(c) C 


4A 


ch 2 ci 2 


(d) Si 


4A 


SiF 4 


(e) N 


5A 


CH 3 NH 2 
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1 . 6 Strategy: Start by drawing the electron-dot structure of the molecule. 

(1) Determine the number of valence, or outer-shell electrons for each atom in the 
molecule. For chloroform, we know that carbon has four valence electrons, hydrogen 
has one valence electron, and each chlorine has seven valence electrons. 

•C- 4x1=4 

H- 1 x 1=1 

: Cl* 7x3 = 21 

26 total valence electrons 

(2) Next, use two electrons for each single bond. 

H 

Cl:C: Cl 
Cl 

(3) Finally, use the remaining electrons to achieve an noble gas configuration for all atoms. 
For a line-bond structure, replace the electron dots between two atoms with a line. 



Solution: 








Molecule 


Electron-dot structure 


Line-bond structure 






H 


H 


(a) 


CHCI3 


: Cl : C : Cl : 


0 

1 

- 0 - 

1 

’o 






: Cl: 


1 

:ci: 


(b) 


H 2 S 


H: S : 


H— s: 

1 




8 valence electrons 


H 


H 






H H 


H H 
| | 


(c) 


CH 3 NH 2 


: H : C: N : H 


H— C— N— H 

. | .. 




14 valence electrons 


H 


H 






H 


H 

1 


(d) 


CH3U 


H : C : Li 


l_i 

1 

O- 

1 

X 




8 valence electrons 


H 


H 



1 . 7 Each of the two carbons has 4 valence electrons. Two electrons are used to form the 

carbon-carbon bond, and the 6 electrons that remain can form bonds with a maximum of 6 
hydrogens. Thus, the formula C 2 H 7 is not possible. 
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1 . 8 Strategy: Connect the carbons and add hydrogens so that all carbons are bonded to four 
different atoms. 



V V V 

H— C— C— C— H 
I I I 
H H H 



H H 
\ sp~* 1 

H s p 3 \ 

H ,,C — H 

H A S p3 
H 



Propane 



The geometry around all carbon atoms is tetrahedral, and all bond angles are approximately 
109°. 



1.9 



H H H H H H 
M V V 

C C C I 

A\ A\ A\ 

H H HH HH 



V V V V V V 

H-C — C — C — C — C — C- 

I I I I I I 

H H H H H H 



Hexane 



1.10 



H 



H 

I / 

H— C — C 

I * 

H C-H 

H 



H 



H - H 

W * sp* / 2 

C C S P 

/ 3 2^ 

H v c r H 
H v 



Propene 



The C3-H bonds are o bonds formed by overlap of an sp 3 orbital of carbon 3 with an 5 
orbital of hydrogen. 

The C2-H and Cl-H bonds are a bonds formed by overlap of an sp 2 orbital of carbon 
with an s orbital of hydrogen. 

The C2-C3 bond is a a bond formed by overlap of an sp 5 orbital of carbon 3 with an 
sp 2 orbital of carbon 2. 

There are two C1-C2 bonds. One is a a bond formed by overlap of an sp 2 orbital of 
carbon 1 with an sp 2 orbital of carbon 2. The other is a n bond formed by overlap of a p 
orbital of carbon 1 with a p orbital of carbon 2. All four atoms connected to the 
carbon-carbon double bond lie in the same plane, and all bond angles between these atoms 
are 120°. The bond angle between hydrogen and the .s/? 3 -hybridized carbon is 109°. 



1.11 

H H 

4C'sp*2 C^ p 2 H 

H H 



All atoms lie in the same plane, and all bond 
angles are approximately 120°. 



1,3-Butadiene 
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1.12 



H :o: 

I II 






T ?' h 

H 0* C ^ H 
H 



Aspirin. 

All carbons are sp^ hybridized, with the exception of the 
indicated carbon. All oxygen atoms have two lone pairs 
of electrons. 



1.13 

H 

I 

H-C— C=C— H 

I 

H 



H sp sp 

C — C = C — H Propyne 

/ 3 2 1 

H 



The C3-H bonds are a bonds formed by overlap of an sp 3 orbital of carbon 3 with an s 
orbital of hydrogen. 

The Cl-H bond is a ct bond formed by overlap of an sp orbital of carbon 1 with an s 
orbital of hydrogen. 

The C2-C3 bond is a o bond formed by overlap of an sp orbital of carbon 2 with an sp 3 
orbital of carbon 3. 

There are three C1-C2 bonds. One is a a bond formed by overlap of an sp orbital of 
carbon 1 with an sp orbital of carbon 2. The other two bonds are n bonds formed by 
overlap of two p orbitals of carbon 1 with two p orbitals of carbon 2. 

The three carbon atoms of propyne lie in a straight line; the bond angle is 180°. The 
H-Cj=C 2 bond angle is also 180°. The bond angle between hydrogen and the sp 3 - 
hybridized carbon is 109°. 

1.14 



(a) 



H H H H 

a i \ r 




The 5/? 3 -hybridized oxygen atom 
has tetrahedral geometry. 



(b) 



H 3 C'> N "CH 3 

h 3 c 



Tetrahedral geometry at nitrogen and carbon. 



(c) 



0 

H"/"H 

H 



Like nitrogen, phosphorus has 
five outer-shell electrons. PH 3 
has tetrahedral geometry. 
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(d) 



h 3 C \ /CH 2 CH 2 CHCOH 

<y^> nh 2 



The s/P-hybridized sulfur atom 
has tetrahedral geometry. 



1.15 Strategy: Remember that the end of a line represents a carbon atom with 3 hydrogens, a 
two-way intersection represents a carbon atom with 2 hydrogens, a three-way intersection 
represents a carbon with 1 hydrogen and a four-way intersection represents a carbon with 
no hydrogens. 

Solution: 




OH 



Estrone - C-| 8 H 22 0 2 



1.16 Several possible skeletal structures can satisfy each molecular formula. 




(b) 

C 2 H 7 N 

(c) 

C 3 H 6 0 
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Visualizing Chemistry 





1.19 Citric acid (CfcHsOy) contains seven oxygen atoms, each of which has two electron lone 
pairs. Three of the oxygens form double bonds with carbon. 




Citric acid 




Structure and Bonding 



11 



1.20 




Acetaminophen 



All carbons are sp 2 hybridized, except for the carbon indicated as sp 3 . The two oxygen 
atoms and the nitrogen atom have lone pair electrons, as shown. 



1.21 




Aspartame H 2 N H O 



Additional Problems 

1*22 Atomic Number of 

Element Number valence electrons 

(a) Zinc 30 2 

(b) Iodine 53 7 

(c) Silicon 14 4 

(d) Iron 26 2 ( in 4s subshell), 6 (in 3d subshell) 

1*23 Atomic Ground-state 

Element Number electron configuration 

(a) Potassium 19 \s 2 2s 2 2p 6 3s 2 3p 6 4s l 

(b) Arsenic 33 Is 2 2s 2 2 p 6 3s 2 3 p 6 4 s 2 3d 10 4 p 3 

(c) Aluminum 13 Is 2 2s 2 2p 6 3s 2 3p ] 

(d) Germanium 32 Is 2 2s 2 2 p 6 3s 2 3 p 6 4 s 2 3d 10 4 p 2 

1.24 (a) NH 2 OH (b)AlCl 3 (c) CF 2 C1 2 (d) CH 2 Q 
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1.25 

H 

H : C : C : : : N : Acetonitrile 

H 

In the compound acetonitrile, nitrogen has eight electrons in its outer electron shell. Six are 
used in the carbon-nitrogen triple bond, and two are a nonbonding electron pair. 

1.26 The H 3 C- carbon is sp 3 hybridized, and the -CN carbon is sp hybridized. 

1.27 

H :ci: 

\ / 

C= Vinyl chloride 
H H 

Vinyl chloride has 18 valence electrons. Eight electrons are used for 4 single bonds, 4 
electrons are used in the carbon-carbon double bond, and 6 electrons are in the 3 lone pairs 
that surround chlorine. 

1.28 

(a) (b) :0; (c) . Q . 

II 'll" 

.S. .. .CH 3 /v 1 / C v/- - 

H 3 C s h 3 c nh 2 h 3 c o : 



1.29 In molecular formulas of organic molecules, carbon is listed first, followed by hydrogen. 
All other elements are listed in alphabetical order. 



Compound 



Molecular Formula 



(a) Aspirin 

(b) Vitamin C 

(c) Nicotine 

(d) Glucose 



C9H8O4 

c 6 h 8 o 6 

Ci 0 H 14 N 2 

C6H12O6 
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1.30 To work a problem of this sort, you must examine all possible structures consistent with 
the rules of valence. You must systematically consider all possible attachments, including 
those that have branches, rings and multiple bonds. 



(a) H H H 

I I I 

H-C— C— C — H 

I I I 

H H H 



(b) H H 
H— C — N — H 

I 

H 



(c) H 



H 

I I 

-C — C— O- 
I I 
H H 



H H 

I I 

-H H — C— O — C — H 



( d ) H H H 

I I I 

H— C — C — C— Br 

I I I 

H H H 



H Br H 

I I I 

H— C — C — C — H 
I I I 
H H H 



(e) H O 

I II 

H— C — C — H 

I 

H 



H 

I 

H— C=C — O— H 
I 

H 



H /°\ 

c— cr 

/ \ 

H H 



H 



(f) H H H 



H H H 

I I I 



H H 

I I 



H— C— C— C— H H— C— C— C— H H— C— C— N— C~ H H— C— N— C— H 



I I I 
H H .N. 

H H 



I i 
H 

H H 



I I 

H H 



I I I 

H^I^H 

H 



1.31 



(a) 



ch 3 ch 2 ch 3 



(b) 



S p2 S p2 

C=CH ? 
/ ^ 
h 3 c 



(C) 



(d) 



H 2 C = CH — C = CH 



sp*C!P 
CH 3 OH 



1.32 



H H 
\ / 

C = C 
/ \ 

-C C-H 
\\ // 
c— c 
/ \ 

H H 



Benzene 



All carbon atoms of benzene are sp 2 hybridized, and all bond angles of benzene are 120°. 
Benzene is a planar molecule. 
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1.33 



(a) 



(b) 



C sp 

h 2 c1 2 0^oh 

nh 2 

Glycine 



0 ion 0 

1 120 il 

/Cv / 

H S C H 

I 

H 

Pyridine 



(c) 



H 3 C l°9°C^ 

3 3 C OH 
S P / v 
H OH 



Lactic acid 




1.35 




1.36 Examples: 

(a) CH 3 CH 2 CH = CH 2 (b) H 2 C=CH— CH=CH 2 (c) h 2 c=ch— C=CH 

1.37 (a) The 4 valence electrons of carbon can form bonds with a maximum of 4 hydrogens. 
Thus, it is not possible for the compound CH 5 to exist. 

(b) If you try to draw a molecule with the formula C 2 H 6 N, you will see that it is impossible 
for both carbons and nitrogen to have a complete octet of electrons. Therefore, C^H^N is 
unlikely to exist. 

(c) A compound with the formula doesn't have filled outer shells for all atoms 

and is thus unlikely to exist. 




Structure and Bonding 15 



Ethanol 



8 8 ? 8 

H-O-C — C — C — C — O — H 
H 



O H O O 



O H O O 

II I II II 

H-O-C — C-C — C — H 



H— C— C— C— C— O— H 



V V .. V Till 

c-c=n: h-c-c-o-c-h h-c-c-c-c-h H 
// I I " I I I I I 

J HHH HHHHH 



U H H u 

Hi i H 



H— C-O” K+ 



All other bonds are covalent. 



H^C^C^ 2 

C" "cr P 2 0 

9 I ''2 



o . CH0-CH3 
2 sp 3 sp 3 I 2 d 
' /CH 2 -CH 2 -NH Cl 



ch 2 -ch 3 

sp 3 sp 3 



sp J 

ch 2 -oh 
s P 3 I /H 

^C s sp^ 0 ^sp 2 0 

,c c 

H0 2 V r! 2 

sp L C — C sp 1 
HO OH 



Procaine 



Vitamin C 
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1.43 




Pyridoxal phosphate 



The bond angles formed by atoms having ^hybridization are approximately 109 °. 

The bond angles formed by atoms having ^hybridization are approximately 120 °. 

1.44 In a compound containing a carbon-carbon triple bond, atoms bonded to the sp-hybridized 
carbons must lie in a straight line. It is not possible to form a five-membered ring if four 
carbons must have a linear relationship. 

1.45 The 71 bonding molecular orbital in ethylene results from the combination of two p atomic 
orbitals with the same algebraic sign. (A second molecular orbital can form by the 
combination of two p orbitals with opposite algebraic signs, but it is an antibonding 
orbital.) 



1.46 




The central carbon of allene forms two a bonds and two n bonds. The central carbon is 
5 p-hybridized, and the two terminal carbons are sp 2 -hybridized. The bond angle formed by 
the three carbons is 180°, indicating linear geometry for the carbons of allene. 
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1.48 



Carbon dioxide is a linear molecule. 



HoC. 



N 

:o* C Si 

I 

ch 3 



c 

C ^N 



CH 3 
/ 3 
N 

" V C — H 



Caffeine 



All of the indicated atoms are 5p 2 -hybridized. 

1.49 (a) The positively charged carbon atom is surrounded by six valence electrons; carbon has 
three valence electrons, and each hydrogen brings three valence electrons. 

(b) The positively charged carbon is -hybridized. 

(c) A carbocation is planar about the positively charged carbon. 

1.50 




(a) A carbanion is isoelectronic with (has the same number of electrons as) a trivalent 
nitrogen compound. 

(b) The negatively charged carbanion carbon has eight valence electrons. 

(c) The carbon atom is ^-hybridized. 

(d) A carbanion is tetrahedral. 
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1.51 



According to the Pauli Exclusion Principle, two electrons in the same orbital must have 
opposite spins. Thus, the two electrons of triplet (spin-unpaired) methylene must occupy 
different orbitals. In triplet methylene, sp-hybridized carbon forms one bond to each of two 
hydrogens. Each of the two unpaired electrons occupies a p orbital. In singlet (spin-paired) 
methylene the two electrons can occupy the same orbital because they have opposite spins. 
Including the two C-H bonds, there are a total of three occupied orbitals. We predict sp 2 
hybridization and planar geometry for singlet methylene. 



H-C^H 



120 ‘ 



C H '& 



vacant p orbital 



Triplet methylene 
(linear) 



Singlet methylene 
(planar) 



1.52 



CH 3 CH 2 CH 2 CH3 



ch 3 

I 3 

CH3CHCH3 



The two compounds differ in the way that the carbon atoms are connected. 

1.53 

H H 
\ / 

H /C ' / H 

h 2 c=ch— ch 3 n ^C— C s 

H V H 

One compound has a double bond, and one has a ring. 

1.54 

CH 3 CH 2 OH CH3OCH3 

The two compounds differ in the location of the oxygen atom. 

1.55 

ch 3 ch 2 ch=ch 2 ch 3 ch=chch 3 h 2 c 




The compounds differ in the way that the carbon atoms are connected and in the location of 
the double bond. 
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1.56 



# 




H 



Acetaminophen 



HoC 




* = 5p 3 -hybridized carbon 

# = s/? 2 -hybridized carbon 



(a), (b) 

Compound 



sp 2, -Hybridized sp 2 -Hybridized 

carbons carbons 



Ibuprofen 6 

Naproxen 3 

Acetaminophen 1 



7 

11 

7 



(c) Each of the structures has a six-membered ring containing three double bonds, and each 
has a C=0 group. 




Chapter 2 - Polar Covalent Bonds; Acids and Bases 



Chapter Outline 

I. Polar covalent bonds (Sections 2.1 - 2.3). 

A. Electronegativity (Section 2.1). 

1 . Although some bonds are totally ionic and some are totally covalent, most chemical 
bonds are polar covalent bonds. 

In these bonds, electrons are attracted to one atom more than to the other atom. 

2. Bond polarity is due to differences in electronegativity (EN). 

a. Elements on the right side of the periodic table are more electronegative than 
elements on the left side. 

b. Carbon has an EN of 2.5. 

c. Elements with EN > 2.5 are more electronegative than carbon. 

d. Elements with EN < 2.5 are less electronegative than carbon. 

3 . The difference in EN between two elements can be used to predict the polarity of a 
bond. 

a. If AEN < 0.4, a bond is nonpolar covalent. 

b. If AEN is between 0.4 and 2.0, a bond is polar covalent. 

c. If AEN > 2.0, a bond is ionic. 

d. The symbols 5+ and 5- are used to indicate partial charges. 

e . A crossed arrow is used to indicate bond polarity. 

The tail of the arrow is electron-poor, and the head of the arrow is electron-rich. 

4. Electrostatic potential maps are also used to show electron-rich (red) and electron- 
poor (blue) regions of molecules. 

5 . An inductive effect is an atom's ability to polarize a bond. 

B. Dipole moment (Section 2.2). 

1 . Dipole moment is the measure of a molecule’s overall polarity. 

2. Dipole moment (p) = Q x r, where Q = charge and r - distance between charges. 

Dipole moment is measured in debyes (D). 

3 . Dipole moment can be used to measure charge separation. 

4 . Water and ammonia have large values of D; methane and ethane have D = 0. 

C. Formal charge (Section 2.3). 

1 . Formal charge (FC) indicates electron "ownership" in a molecule. 

2 

' Fr . _ #of valence! [~ # of bonding electrons ~| |~# nonbondingl 

^ ' “ L electrons J “ L 2 J ~~ L electrons J 

3 . Molecules that are neutral overall but that have + and - charges on individual atoms 
are dipolar. 

II. Resonance (Sections 2.4 - 2.6). 

A. Chemical structures and resonance (Section 2.4). 

1 . Some molecules (acetate ion, for example) can be drawn as two (or more) different 
electron-dot structures. 

a. These structures are called resonance structures. 

b. The true structure of the molecule is intermediate between the structures. 

c. The true structure is called a resonance hybrid. 

2. Resonance structures differ only in the placement of n and nonbonding electrons. 

All atoms occupy the same positions. 

3 . Resonance is an important concept in organic chemistry. 
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B . Rules for resonance forms (Section 2.5). 

1 . Individual resonance forms are imaginary, not real. 

2 . Resonance forms differ only in the placement of their n or nonbonding electrons. 

A curved arrow is used to indicate the movement of electrons, not atoms. 

3 . Different resonance forms of a molecule don't have to be equivalent. 

If resonance forms are nonequivalent, the structure of the actual molecule 
resembles the more stable resonance form(s). 

4. Resonance forms must be valid Lewis structures and obey normal rules of valency. 

5 . The resonance hybrid is more stable than any individual resonance form. 

C. A useful technique for drawing resonance forms (Section 2.6). 

1 . Any three-atom grouping with a multiple bond adjacent to a nonbonding p orbital 
has two resonance forms. 

2 . One atom in the grouping has a lone electron pair, a vacant orbital or a single 
electron. 

3 . By recognizing these three-atom pieces, resonance forms can be generated. 

III. Acids and bases (Sections 2.7 - 2.1 1). 

A. Br0nsted-Lowry definition (Section 2.7). 

1 . A Br0nsted-Lowry acid donates an H + ion; a Br0nsted-Lowry base accepts H + . 

2. The product that results when a base gains H* is the conjugate acid of the base; the 
product that results when an acid loses H + is the conjugate base of the acid. 

B. Acid and base strength (Section 2.8 - 2.10). 

1 . A strong acid reacts almost completely with water (Section 2.8). 

2. The strength of an acid in water is indicated by K a , the acidity constant. 

3 . Strong acids have large acidity constants, and weaker acids have smaller acidity 
constants. 

4. The p K a is normally used to express acid strength. 

a. pAT a = -log K a 

b. A strong acid has a small p K a , and a weak acid has a large pK a . 

c. The conjugate base of a strong acid is a weak base, and the conjugate base of a 
weak acid is a strong base. 

5 . Predicting acid-base reactions from p K a (Section 2.9). 

a. An acid with a low p K a reacts with the conjugate base of an acid with a high 
VK a 

b. In other words, the products of an acid-base reaction are more stable than the 
reactants. 

6 . Organic acids and organic bases (Section 2. 10). 

a. There are two main types of organic acids: 

i . Acids that contain hydrogen bonded to oxygen. 

ii. Acids that have hydrogen bonded to the carbon next to a C=0 group. 

b. The main type of organic base contains a nitrogen atom with a lone electron 
pair. 

C. Lewis acids and bases (Section 2.11). 

1 . A Lewis acid accepts an electron pair. 

a. A Lewis acid may have either a vacant low-energy orbital or a polar bond to 
hydrogen. 

b. Examples include metal cations, halogen acids, Group 3 compounds and 
transition -metal compounds. 

2 . A Lewis base has a pair of nonbonding electrons. 

a. Most oxygen- and nitrogen-containing organic compounds are Lewis bases. 

b. Many organic Lewis bases have more than one basic site. 

3 . A curved arrow shows the movement of electrons from a Lewis base to a Lewis 
acid. 
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IV. Molecular models (Section 2.12). 

A. Space-filling models show the crowding within a molecule. 

B. Ball-and-stick models show bonds. 

V. Noncovalent interactions in molecules (Section 2.13). 

A. Dipole-dipole interactions occur between polar molecules as a result of electrostatic 
interactions among dipoles. 

B. Dispersion forces result from the constantly changing electron distribution within 
molecules. 

These forces are small but their cumulative effect may be important. 

C . Hydrogen bonding. 

1 . Hydrogen bonds form between a hydrogen bonded to an electronegative atom and 
an unshared electron pair on another electronegative atom. 

2. Hydrogen bonds are extremely important in living organisms. 

3 . Hydrophilic substances dissolve in water because they are capable of forming 
hydrogen bonds. 

4. Hydrophobic substances don't form hydrogen bonds. 



Answers to Problems 

2 . 1 After solving this problem, use Figure 2.2 to check your answers. The larger the number, 
the more electronegative the element. 

More electronegative Less electronegative 

(a) H (2.1) U (1.0) 

(b) Br (2.8) B (2.0) 

(c) Cl (3.0) I (2.5) 

(d) C (2.5) H (2.1) 

Carbon is slightly more electronegative than hydrogen. 

2.2 As in Problem 2. 1 , use Figure 2.2. 



(a) 


8+ 8- 
H 3 C— Cl 


(b) 


8+ 8- 
h 3 c — nh 2 


(c) 


8- 8+ 
H 2 N — H 


(d) 


H 3 C — SH 


(e) 


8- 8+ 
H 3 c— MgBr 


(f) 


8+ 8- 
h 3 c f 



Carbon and sulfur have 
identical electronegativies. 

2 . 3 Strategy: Use Figure 2.2 to find the electronegativities of each element. Calculate aEN 
and rank the answers in order of increasing AEN. 

Solution: 

Carbon: EN = 2.5 Carbon: EN = 2.5 Fluorine: EN = 4.0 

Lithium: EN = 1.0 Potassium: EN = 0.8 Carbon: EN = 2.5 



AEN = 1.5 



AEN= 1.7 



AEN = 1.5 
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Carbon: EN = 2.5 

Magnesium: EN = 1.2 



AEN = 1.3 



Oxygen EN = 3.5 

Carbon: EN = 2.5 



AEN = 1.0 



The most polar bond has the largest AEN. Thus, in order of increasing bond polarity: 
H 3 C— OH < H 3 C— MgBr < H 3 C— Li, H 3 C — F < H 3 C — K 



2.4 



In an electrostatic potential map, the color red indicates regions of a molecule that are 
electron-rich. The map shows that chlorine is the most electronegative atom in methyl 
alcohol, and the direction of polarity of the C-Cl bond is: 




Chloromethane 



2.5 



/V 

x oh 



HOV N C / 






H H 



Ethylene glycol 



The dipole moment of ethylene glycol is zero because the bond polarities of the two 
carbon-oxygen bonds cancel. 

2 . 6 Strategy: For each bond, identify the more electronegative element, and draw an arrow 
that points from the less electronegative element to the more electronegative element. 
Estimate the sum of the individual dipole moments to arrive at the dipole moment for the 
entire molecule. 



Solution: 

(a) 

HL .H 



(c) 



H H 



Cl 



h/ 



0 dipole 
moment 






net dipole 
moment 



(b) 




(d) 




net dipole 
moment 



net dipole 
moment 
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2 . 7 Use the formula in Section 2.3 to confirm the formal charges shown for nitromethane. 



: 0 : 

II 

„ NL 



C 

A \ 

H H 



'O: 



Nitromethane 



Formal charge (FC) 



[#of valence! 
L electrons J 



[ # of bonding electrons 
2 




For nitrogen: FC 
For oxygen: FC 




-0 = +1 



-6 = -1 



2 . 8 Strategy: To find the formal charge of an atom in a molecule, follow these two steps: 

(1) Draw an electron-dot structure of the molecule. 

(2) Use the formula in Section 2.3 to determine formal charge for each atom. The periodic 
table shows the number of valence electrons of the element, and the electron-dot structure 
shows the number of bonding and nonbonding electrons. 

^ . , __ v T# of valence! f # of bonding electrons ! f# nonbonding! 

Formal charge (FC) =|_ eIectrons J-|_ j J " L electrons J 



Solution: 

(a) 

h 2 c=n=n: 

For carbon: FC 
For nitrogen 1: FC 
For nitrogen 2: FC 



H i 

= h:c::n::n: 



= 4 -t - 0 = 0 

= 5 §— 0 = +1 




Remember: Valence electrons are the electrons characteristic of a specific element. Bonding 
electrons are those electrons involved in bonding to other atoms. Nonbonding electrons are 
those electrons in lone pairs. 
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(*>) 

h 3 c— c=n— o: = 

For carbon 1: FC = 
For carbon 2: FC = 
For nitrogen : FC = 
For oxygen: FC = 



1 .. L 

h:c:c:: : n: o: 

H 

4 — -0 = 0 
4- -|- -0 = 0 
5 — — — 0 = +1 
6 — -6 = -1 



2.9 



(c) 

h 3 c— n=C: 

For carbon 1: FC 
For carbon 2: FC 
For nitrogen : FC 



1 • • 2 
h:c: n: :: c: 

h 

4 — | — 0 = 0 

4 — | — 2 = -I 

5 — | — 0 = +1 



Formal charge (FC) = [ # °^ Ce ] - [ f ofbond^ electrons ] _ [# nonbonding 



H 



2 

:o: 

II 



H— C-O— P— O: 

I ' " I 

H :o: 



2 - 



Methyl phosphate 



For oxygen 1: FC=6-~-4 = 0 
For oxygen 2: FC = 6--y--4 = 0 
For oxygen 3:FC= 6 — — 6 =1 

For oxygen 4: FC = 6- ~ -6 = -1 



Oxygen atoms 3 and 4 each have a formal charge of-1. 
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2.10 Strategy: Look for three-atom groupings that contain a multiple bond next to an atom 
with a p orbital. Exchange the positions of the bond and the electrons in the p orbital to 
draw the resonance form of each grouping. 



Solution: 

(a) Methyl phosphate anion has 3 three-atom groupings and thus has 3 resonance forms. 



:o: 



-as 



: 0 : 

I 

ch 3 o'' P '^S 

~: 0 : 



CHgO'" \\ 



o: 

: O: ’ 



Recall from Chapter 1 that phosphorus, a third-row element, can form more than 
four covalent bonds 









(c) + 

h 2 c=ch— ch 2 



HoC— 



CH = CH 2 






: 0 : 

I 




2.11 Strategy: When an acid loses a proton, the product is the conjugate base of the acid. 
When a base gains a proton, the product is the conjugate acid of the base. 

Solution: 

h-no 3 + :nh 3 ^=5: no 3 " + nh 4 + 

Acid Base Conjugate Conjugate 

base acid 

2.12 Recall from Section 2.8 that a stronger acid has a smaller p K a and a weaker acid has a 
larger p K a . Accordingly, phenylalanine (p K a = 1.83) is a stronger acid than tryptophan 
(pK a = 2.83). 

2.13 HO-H is a stronger acid than H 2 N-H. Since H 2 N~ is a stronger base than HO", the 
conjugate acid of H 2 N" (H 2 N-H) is a weaker acid than the conjugate acid of HO" 
(HO-H). 




Polar Covalent Bonds; Acids and Bases 



27 



2.14 Strategy: Use Table 2.3 to find the strength of each acid. A reaction takes place as written 
if the stronger acid is the reactant. 

Solution: 

(a) + 9 

H — CN + CH 3 C0 2 Na + — Na + ~CN + CH 3 C0 2 H 

pK a = 9.3 pA r a = 4.7 

Weaker acid Stronger acid 

Remember that the lower the pK a , the stronger the acid. Thus CH 3 C0 2 H, not HCN, is the 
stronger acid, and the above reaction will not take place in the direction written. 

(b) . 9 

CH 3 CH 2 0 — H + Na + ~CN ► CH 3 CH 2 0“ Na + + HCN 

P^a = 16 pK a = 9.3 

Weaker acid Stronger acid 

Using the same reasoning as in part (a), we can see that the above reaction will not occur. 

2.15 



H 3 C^ ^CH 3 + Na + :NH 2 ? » H 3 C^ X 'CH 2 :-Na + + :NH 3 



pK a = 19 pK a = 36 

Stronger acid Weaker acid 

The above reaction will take place as written. 

2.16 Enter -9.31 into a calculator and use the INV LOG function to arrive at the answer 
K a = 4.9 x 1(T 10 . 

2.17 Strategy: Locate the electron pair(s) of the Lewis base and draw a curved arrow from the 
electron pair to the Lewis acid. The electron pair moves from the atom at the tail of the 
arrow (Lewis base) to the atom at the point of the arrow (Lewis acid). 

Solution: (Note: electron dots have been omitted from Cl~ to reduce clutter.) 

H 

J 

CH 3 C H 2 pH + cr 

H 
1 + 

hn(ch 3 ) 2 + cr 



H-P(CH 3 ) 3 + cr 



(a) 



CH 3 CH 2 pH + H-^CI 



r< 

HN(CH 3 ) 2 + H — Cl 



r< 

P(CH 3 ) 3 + H — Cl 
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(b) 



HO: - + 


+ ch 3 




ho-ch 3 


nor + 


B(CH 3 ) 3 




HO B(CH 3 ) 3 


HOT + 


X 

MgBr 2 


^7^ 


HO — MgBr 2 



2.18 (a) The nitrogen on the left is more electron-rich and more basic. The indicated hydrogen is 
most electron-poor (bluest) and is most acidic. 



more basic (red) 



N — H 




most acidic (blue) 

Imidazole 




2.19 




Vitamin A * = polar group Vitamin C 

Vitamin C is water-soluble (hydrophilic) because it has several polar -OH groups that can 
form hydrogen bonds with water. Vitamin A is fat-soluble (hydrophobic) because most of 
its atoms can't form hydrogen bonds with water. 
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Visualizing Chemistry 



2.20 Naphthalene has three resonance forms. 




2.21 




Ibuprofen 



2.22 Electrostatic potential maps show that the electron-rich regions of the cis isomer lie on the 
same side of the double bond, leading to a net dipole moment. Because the electron-rich 
regions of the trans isomer are symmetrical about the double bond, the individual bond 
dipole moments cancel, and the isomer has no overall dipole moment. 

net dipole moment zero dipole moment 




cis- 1,2-Dichloroethylene fraHS-l,2-DichloroethyIene 



2.23 




Adenine Cytosine 
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Additional Problems 



2.24 




Cocaine # = 0 hydrogens Ephedrine 

C 17 H 21 N0 4 * = 1 hydrogen C^H^NO 

2.25 Use Figure 2.2 if you need help. The most electronegative element is starred. 

(a) CH 2 FCI (b) FCH 2 CH 2 CH 2 Br (c) HOCH 2 CH 2 NH 2 (d) CH 3 OCH 2 Li 

2.26 





More polar 


Less polar 


(a) 


HgC^CI 


Cl Cl 




5+ 8- 




(b) 


H^— — Cl 


H 3 C — H 




5+ 8- 


8- 8+ 


(c) 


HO— — CH 3 


(CH 3 ) 3 Si i =^CH : 




8- 8+ 


8+ 8- 


(d) 


Li^— — OH 


H 3 C— ! Li 




8+ 8- 


8- 8+ 



2.27 




2.28 (a) In Section 2.2, we found that p = Q x r. For a proton and an electron separated by 100 
pm, p = 4.8 D. If the two charges are separated by 136 pm, p = 6.53 D. 

(b) Since the observed dipole moment is 1.08 D, the H-Cl bond has (1.08 D / 6.53 D) x 
100 % = 16.5 % ionic character. 
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2.29 

2.30 

2.31 

2.32 



In phosgene, the individual bond polarities tend to cancel, but in formaldehyde, the bond 
polarities add to each other. Thus, phosgene has a smaller dipole moment than 
formaldehyde. 




Phosgene Formaldehyde 

The magnitude of a dipole moment depends on both charge and distance between atoms. 
Fluorine is more electronegative than chlorine, but a C-F bond is shorter than a C-Cl 
bond. Thus, the dipole moment of CH3F is smaller than that of CH3CI. 

The observed dipole moment is due to the lone pair electrons on sulfur. 

H 3 C — SH 



To save space, molecules are shown as line-bond structures with lone pairs, rather than as 
electron-dot structures. 



(a) 


(CH 3 ) 2 OBF 3 


Oxygen: 


FC = 


6- 


6 

2 


-2 = 


+1 






Boron: 


FC = 


3- 


8 

2 


-0 = 


-1 


(b) 


.. 1 2 

h 2 c— n=n: 


Carbon: 


FC = 


4 - 


6 

2 


-2 = 


-1 






Nitrogen 1: 


FC = 


5 - 


8 

2 


-0 = 


+1 






Nitrogen 2: 


FC = 


5 - 


6 

2 


-2 = 


0 


(c) 


1 2 
h 2 c=n=n: 


Carbon: 


FC = 


4 - 


8 

2 


-0 = 


0 






Nitrogen 1: 


FC = 


5 - 


8 

2 


-0 = 


+1 






Nitrogen 2: 


FC = 


5 - 


4 

2 


-4 = 


-1 


(d) 


1 2 3 








4 








0: 

1 

0 

11 

0 


Oxygen 1: 


FC = 


6- 


T 


-4 = 


0 






Oxygen 2: 


FC = 


6- 


6 

2 


-2 = 


+1 






Oxygen 3: 


FC = 


6- 


2 

2 


-6 = 


-1 
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Carbon: FC=4--|--2 = -l 
Phosphorus: FC= 5- - 0 = +1 

Nitrogen: FC = 5--|--0 = +l 
Oxygen: FC = 6--|--6 = -l 



2.33 Resonance forms do not differ in the position of nuclei. The two structures in (a) are not 
resonance forms because the positions of the carbon and hydrogen atoms outside the ring 
are different in the two forms. 

not resonance structures 




The pairs of structures in parts (b), (c), and (d) represent resonance forms. 

2.34 




The last resonance structure is a minor contributor because its carbon lacks a complete 
electron octet. 



(d) ■■ + 

h 3 c — s — ch 2 ► h 3 c — s=ch 2 

(e) 

H 2 C=CH — CH =CH — CH — CH 3 ► h 2 C=CH — CH — CH =CH — CH 3 

-< ► H 2 C— CH =CH — CH =CH — CH 3 
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2.35 The two structures are not resonance forms because the positions of the carbon atoms are 
different in the two forms. 

2.36 



CH 3 OH + HCI 



CH 3 OH 2 + Cl 



CH 3 OH + Na + NH 2 CH 3 0: Na + + : NH 3 



2.37 



H H 



: 0 : 

II 

H -c /Cv of 

h /X h •• 



: 0 : 



H - C -" *0: 
h /V h 



The O-H hydrogen of acetic acid is more acidic than the C-H hydrogens. The -OH 
oxygen is electronegative, and, consequently, the -O-H bond is more strongly polarized 
than the -C-H bonds. In addition, the acetate anion is stabilized by resonance. 

2.38 The Lewis acids shown below can accept an electron pair either because they have a vacanC 
orbital or because they can donate H + . The Lewis bases have nonbonding electron pairs. 

Lewis acids: AIBr 3 , BH 3 , HF, TiCI 4 

Lewis bases: CH 3 CH 2 NH 2 , H 3 C-S— CH 3 



2.39 

(a) 



: B r : A! : Br : 
: Br: 



( b ) H H 

H :c: c: N : H 
H H H 



(c) 

h: b: h 
h 



(d) 



H : F : 



( e ) H H 
H : C : S : C : H 
H " H 



(f) .. :a = „ 

: ci :ii : cj: 

: Cl : ’ 
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2.40 



(a) 


CH 3 OH + 


h 2 so 4 


CH 3 OH 2 + 


+ HS0 4 “ 




stronger 


stronger 


weaker 


weaker 




base 


acid 


acid 


base 


(b) 


CH 3 OH + 


NaNH 2 


CH 3 0 - Na + 


+ nh 3 




stronger 


stronger 


weaker 


weaker 




acid 


base 


base 


acid 


(c) 


CH 3 NH 3 + Cl 


-+ NaOH 


CH 3 NH 2 


+ H 2 0 + 




stronger 


stronger 


weaker 


weaker 




acid 


base 


base 


acid 



2.41 As in Problem 2.32, molecules are shown as line-bond structures with lone-pair electrons 
indicated. Only calculations for atoms with non-zero formal charge are shown. 



( a ) CH 3 

HoC— N— O: 

3 j .. 

CH 3 



(b) 



- 1 . 2 3 

HoC— N — N =N: 



(C) . 1 . 2 . 3 . 

h 3 c— n=n=n: 



Oxygen: FC = 6--|--6 = -l 
Nitrogen: FC = 5-^--0 = +l 

Nitrogen 1: FC=5--|--4 = -l 
Nitrogen 2: FC=5-y--0 = +l 
Nitrogen 3: FC=5--|--2 = 0 

Nitrogen 1: FC=5-^--2 = 0 
Nitrogen 2: FC=5--|--0 = +l 
Nitrogen 3: FC = 5 - -j- - 4 = -1 



2.42 



In maleic acid, the individual dipole moments add to produce a net dipole moment for the 
whole molecule. The individual dipole moments in fumaric acid cancel, resulting in a zero 
dipole moment. 



\A%/ 

HO— C C — OH 
\ / 
c=c 
/ \ 

H H 

Maleic acid 



HO— C H 

\ / 
c=c 
/ \ 

H C — OH 
// ' 

O 



Fumaric acid 



\ 
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2.43 The substances with the largest values of p K a are the least acidic. 



Least acidic — 

O 

II 

CH3CCH3 < 




Most acidic 



0 

II 

< CH3COH 



P K a = 19 p K a = 9.9 P K a = 9 p K & = 4.8 



2.44 To react completely (> 99.9%) with NaOH, an acid must have a p K a at least 3 units 
smaller than the p K a of H 2 O. Thus, all substances in the previous problem except acetone 
react completely with NaOH. 

2.45 The stronger the acid (smaller p K a ), the weaker its conjugate base. Since NH 4 + is a 
stronger acid than CH 3 NH 3 + , CH 3 NH 2 is a stronger base than NH 3 . 

2.46 

CH 3 ch 3 

| 3 ,3 

HoC— C— O" K + + HoO ► H 3 C— C — OH + K* “OH 

3 | 2 3 | 

ch 3 ch 3 

p K a = 15.7 p£ a * 18 

stronger acid weaker acid 



The reaction takes place as written because water is a stronger acid than ter?-butyl alcohol. 
Thus, a solution of potassium tert-butoxide in water can't be prepared. 



2.47 





^CH 3 



2.48 

2.49 

2.50 



(a) Acetone: K a = 5 x 10 20 
(a) Nitromethane: pK a = 10.30 



Formic acid + H 2 O 




[ 0.050 M] 

K a = 1.8 x IQ " 4 



0.050 - x 



(b) Formic acid: K 3l = 1.8 x 10 -4 
(b) Acrylic acid: p K a = 4.25 

Formate - + ^O -1 " 

[x] [x] 



If you let 0.050 - x = 0.050, then x = 3.0 x 10 3 and pH = 2.52. If you calculate x 
exactly, then x = 2.9 x 10 -3 and pH = 2.54. 



2.51 Only acetic acid will react with sodium bicarbonate. Acetic acid is the only substance in 
Problem 2.43 that is a stronger acid than carbonic acid. 
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2.52 Sodium bicarbonate reacts with acetic acid to produce carbonic acid, which breaks down to 
form CO 2 . Thus, bubbles of CO 2 indicate the presence of an acid stronger than carbonic 
acid, in this case acetic acid. Phenol does not react with sodium bicarbonate. 

2.53 Reactions (a) and (c) are reactions between Br 0 nsted-Lowry acids and bases; the stronger 
acid and stronger base are identified. Reactions (b) and (d) occur between Lewis acids and 
bases. 

(a) 

CH 3 OH + H + »- CH 3 OH 2 

base acid 




acid base 




base acid 



2.54 Pairs (a) and (d) represent resonance structures; pairs (b) and (c) do not. For two 
structures to be resonance forms, all atoms must be in the same positions in all resonance 
forms. 

2.55 



+ tf 
H 3 C — 

: 0 : 

(c) + - + 

h 2 c=n=n: ► h 2 C— n=n: 
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2.56 The cation pictured can be represented by two resonance forms. Reaction with water can 
occur at either positively charged carbon, resulting in two products. 



.ch 2 



HoC C 



/Cx, /CH 2 

h 3 c 



h 2 o 



h 2 o 



H OH 
\ / 




+ H + 



H 

I 




H 



,CH 2 OH 



+ H + 



2.57 




When phenol loses a proton, the resulting anion is stabilized by resonance. 



2 




Review Unit 1: Bonds and Bond Polarity 



Major Topics Covered (with vocabulary:) 

Atomic Structure : 

atomic number mass number wave equation orbital shell node electron configuration 
Chemical Bonding Theory: 

covalent bond Lewis structure lone-pair electrons line-bond structure valence-bond theory 
sigma (a) bond bond strength bond length molecular orbital theory bonding MO 
antibonding MO 

Hybridization: 

sp 3 hybrid orbital bond angle sp 2 hybrid orbital pi (tc) bond sp hybrid orbital 
Polar covalent bonds: 

polar covalent bond electronegativity (EN) electrostatic potential maps inductive effect 
dipole moment formal charge dipolar molecule 

Resonance: 

resonance form resonance hybrid 
Acids and Bases: 

Brpnsted-Lowry acid Br0nsted-Lowry base conjugate acid conjugate base acidity constant 
K & p Kz organic acid organic base Lewis acid Lewis base 

Chemical Structures: 

condensed structure skeletal structure space-filling models ball-and-stick models 



Types of Problems: 

After studying these chapters you should be able to: 

- Predict the ground state electronic configuration of atoms. 

- Draw Lewis electron-dot structures of simple compounds. 

- Predict and describe the hybridization of bonds in simple compounds. 

- Predict bond angles and shapes of molecules. 

- Predict the direction of polarity of a chemical bond, and predict the dipole moment of a simple 
compound. 

- Calculate formal charge for atoms in a molecule. 

- Draw resonance forms of molecules. 

- Predict the relative acid/base strengths of Brpnsted acids and bases. 

- Predict the direction of Brpnsted acid/base reactions. 

- Calculate: p K a from AT a , and vice versa. 

pH of a solution of a weak acid. 

- Identify Lewis acids and bases. 

- Draw chemical structures from molecular formulas, and vice versa. 
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Points to Remember: 

* In order for carbon, with valence shell electron configuration of 2s 2 2p 2 , to form four sp 3 
hybrid orbitals, it is necessary that one electron be promoted from the 2s subshell to the 2 p 
subshell. Although this promotion requires energy, the resulting hybrid orbitals are able to 
form stronger bonds, and compounds containing these bonds are more stable. 

* Assigning formal charge to atoms in a molecule is helpful in showing where the electrons in a 
bond are located. Even if a bond is polar covalent, in some molecules the electrons "belong" 
more to one of the atoms than the other. This "ownership" is useful for predicting the 
outcomes of chemical reactions, as we will see in later chapters. 

* Resonance structures are representations of the distribution of n and nonbonding electrons in a 
molecule. Electrons don't move around in the molecule, and the molecule doesn't change back 
and forth, from structure to structure. Rather, resonance structures are an attempt to show, by 
conventional line-bond drawings, the electron distribution of a molecule that can't be 
represented by any one structure. 

* As in general chemistry, acid-base reactions are of fundamental importance in organic 
chemistry. Organic acids and bases, as well as inorganic acids and bases, occur frequently in 
reactions, and large numbers of reactions are catalyzed by Br0nsted acids and bases and Lewis 
acids and bases. 



Self-Test: 




ABC 
Ricinine Oxaflozane 1,3,4-Oxadiazole 

(a toxic component (an antidepressant) 

of castor beans) 

For A (ricinine) and B (oxaflozane): Add all missing electron lone pairs. Identify the 
hybridization of all carbons. Indicate the direction of bond polarity for all bonds with A EN >0.5. 
In each compound, which bond is the most polar? Convert A and B to molecular formulas. 

Draw a resonance structure for B. Which atom (or atoms) of B can act as a Lewis base? 

Add missing electron lone pairs to C. Is it possible to draw resonance forms for C? If so, 
draw at least one resonance form, and describe it. 
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Multiple Choice: 

1 . Which element has 4s 2 4p 2 as its valence shell electronic configuration? 

(a) Ca (b) C (c) A1 (d) Ge 

2. Which compound (or group of atoms) has an oxygen with a +1 formal charge? 

(a) N0 3 - (b) 0 3 (c) acetone anion (d) acetate anion 

The following questions involve these acids: (i) HW (p AT a = 2); (ii) HX ( pK a = 6); 

(iii) HY (pX a = 10); (iv) HZ (p K a = 20). 

3 . Which of the above acids react almost completely with water to form hydroxide ion? 

(a) none of them (b) all of them (c) HY and HZ (d) HZ 

4. The conjugate bases of which of the above acids react almost completely with water to form 
hydroxide ion? 

(a) none of them (b) all of them (c) HZ (d) HY and HZ 

5 . If you want to convert HX to X - , which bases can you use? 

(a)W- (b)Y- (c)Z- (d)Y-orZ- 

6. If you add equimolar amounts of HW, X - and HY to a solution, what are the principal 
species in the resulting solution? 

(a) HW, HX, HY (b) W~, HX, HY (c) HW, X~, HY (d) HW, HX, Y~ 

7 . What is the approximate pH difference between a solution of 1 M HX and a solution of 1 M 
HY? 

(a) 2 (b) 3 (c) 4 (d) 6 

8 . If you wanted to write the structure of a molecule that shows carbon and hydrogen atoms as 
groups, without indicating many of the carbon-hydrogen bonds, you would draw a: 

(a) molecular formula (b) Kekule structure (c) skeletal structure (d) condensed structure 

9 . Which of the following molecules has zero net dipole moment? 



\ / 

C=C 
/ \ 

Cl H 



(b) 



H Cl 

\ / 
c=c 
/ \ 

H Cl 



(c) 



H Cl 
\ / 
c=c 
/ \ 

H H 



(d) 



Cl Cl 

\ / 
c=c 
/ \ 

H H 



10. In which of the following bonds is carbon the more electronegative element? 
(a) C — Br (b) C — I (c) C— P (d) C— S 




Chapter 3 - Organic Compounds: 
Alkanes and Their Stereochemistry 



Chapter Outline 



I. Functional Groups (Section 3.1). 

A. Functional groups are groups of atoms within a molecule that have a characteristic 
chemical behavior. 

B . The chemistry of every organic molecule is determined by its functional groups. 

C. Functional groups described in this text can be grouped into three categories: 

1 . Functional groups with carbon-carbon multiple bonds. 

2. Groups in which carbon forms a single bond to an electronegative atom. 

3 . Groups with a carbon-oxygen double bond. 

II. Alkanes (Sections 3.2 - 3.5). 

A. Alkanes and alkane isomers (Section 3.2). 

1 . Alkanes are formed by overlap of carbon sp 3 orbitals. 

2. Alkanes are described as saturated hydrocarbons. 

a. They are hydrocarbons because they contain only carbon and hydrogen. 

b. They are saturated because all bonds are single bonds. 

c. The general formula for alkanes is C n H 2 «+ 2 - 

3 . For alkanes with four or more carbons, the carbons can be connected in more than 
one way. 

a. If the carbons are in a row, the alkane is a straight-chain alkane. 

b . If the carbon chain has a branch, the alkane is a branched-chain alkane. 

4 . Alkanes with the same molecular formula are isomers. 

a. Isomers whose atoms are connected differently are constitutional isomers. 

Constitutional isomers are always different compounds with different 
properties but with the same molecular formula. 

b. A given alkane can be drawn in many ways. 

5 . Straight-chain alkanes are named according to the number of carbons in their chain. 

B . Alkyl groups (Section 3.3). 

1 . An alkyl group is the partial structure that results from the removal of a hydrogen 
atom from an alkane. 

a. Alkyl groups are named by replacing the -ane of an alkane by -yl. 

b. n- Alkyl groups are formed by removal of an end carbon of a straight-chain 
alkane. 

c. Branched-chain alkyl groups are formed by removal of a hydrogen atom from 
an internal carbon. 

The prefixes sec- and tert- refer to the degree of substitution at the branching 
carbon atom. 

2 . There are four possible degrees of alkyl substitution for carbon. 

a. A primary carbon is bonded to one other carbon. 

b . A secondary carbon is bonded to two other carbons. 

c. A tertiary carbon is bonded to three other carbons. 

d . A quaternary carbon is bonded to four other carbons. 

e. The symbol R refers to the rest of the molecule. 

3 . Hydrogens are also described as primary, secondary and tertiary. 

a. Primary hydrogens are bonded to primary carbons (RCH3). 

b. Secondary hydrogens are bonded to secondary carbons (R 2 CH 2 ). 

c. Tertiary hydrogens are bonded to tertiary carbons (R3CH). 
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C. Naming alkanes (Section 3.4). 

1 . The system of nomenclature used in this book is the IUPAC system. 

In this system, a chemical name has a prefix, a parent and a suffix. 

i. The parent shows the number of carbons in the principal chain. 

ii. The suffix identifies the functional group family. 

iii. The prefix shows the location of functional groups. 

2. Naming an alkane: 

a. Find the parent hydrocarbon. 

i . Find the longest continuous chain of carbons, and use its name as the parent 
name. 

ii. If two chains have the same number of carbons, choose the one with more 
branch points. 

b. Number the atoms in the parent chain. 

i. Start numbering at the end nearer the first branch point. 

ii. If branching occurs an equal distance from both ends, begin numbering at 
the end nearer the second branch point. 

c. Identify and number the substituents. 

i . Give each substituent a number that corresponds to its position on the parent 
chain. 

ii. Two substituents on the same carbon receive the same number. 

d. Write the name as a single word. 

i . Use hyphens to separate prefixes and commas to separate numbers. 

ii. Use the prefixes, di-, tri-, tetra- if necessary, but don't use them for 
alphabetizing. 

e. Name a complex substituent as if it were a compound, and set it off in 
parentheses. 

i . Some simple branched-chain alkyl groups have common names. 

ii. The prefix iso is used for alphabetizing, but sec- and tert- are not. 

D. Properties of alkanes (Section 3.5). 

1 . Alkanes are chemically inert to most laboratory reagents. 

2 . Alkanes react with O 2 and CI 2 . 

3 . The boiling points and melting points of alkanes increase with increasing molecular 
weight. 

a. This effect is due to weak dispersion forces. 

b. The strength of these forces increases with increasing molecular weight. 

4. Increased branching lowers an alkane's boiling point. 

III. Conformations of straight-chain alkanes (Sections 3.6 - 3.7). 

A. Conformations of ethane (Section 3.6). 

1 . Rotation about a single bond produces isomers that differ in conformation. 

These isomers have the same connections of atoms and can't be isolated. 

2 . These isomers can be represented in two ways: 

a. Sawhorse representations view the C-C bond from an oblique angle. 

b. Newman projections represent the two carbons as a circle. 

3 . There is a barrier to rotation that makes some conformers of lower energy than 
others. 

a. The lowest energy conformer (staggered conformation) occurs when all C-H 
bonds are as far from each other as possible. 

b. The highest energy conformer (eclipsed conformation) occurs when all C-H 
bonds are as close to each other as possible. 

c . Between these two conformations lie an infinite number of other conformations. 
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4. The staggered conformation is 12 kJ/mol lower in energy than the eclipsed 
conformation. 

a. This energy difference is due to torsional strain from interactions between C-H 
bonding orbitals on one carbon and C-H antibonding orbitals on an adjacent 
carbon, which stabilize the staggered conformer. 

b. The torsional strain resulting from a single C-H interaction is 4.0 kJ/mol. 

c. The barrier to rotation can be represented on a graph of potential energy vs. 
angle of rotation. 

B. Conformations of other alkanes (Section 3.7). 

1 . Conformations of propane. 

a. Propane also shows a barrier to rotation that is 14 kJ/mol. 

b. The eclipsing interaction between a C-C bond and a C-H bond is 6.0 kJ/mol. 

2 . Conformations of butane. 

a. Not all staggered conformations of butane have the same energy; not all eclipsed 
conformations have the same energy. 

i. In the lowest energy conformation (anti) the two large methyl groups are as 
far from each other as possible. 

ii. The eclipsed conformation that has two methyl-hydrogen interactions and a 
H-H interaction is 16 kJ/mol higher in energy than the anti conformation. 

iii. The conformation with two methyl groups 60° apart (gauche conformation) 
is 3.8 kJ/mol higher in energy than the anti conformation. 

This energy difference is due to steric strain - the repulsive interaction 
that results from forcing atoms to be closer together than their atomic 
radii allow. 

iv. The highest energy conformations occur when the two methyl groups are 
eclipsed. 

This conformation is 19 kJ/mol less stable than the anti conformation. 
The value of a methyl-methyl eclipsing interaction is 1 1 kJ/mol. 

b. The most favored conformation for any straight-chain alkane has carbon-carbon 
bonds in staggered arrangements and large substituents anti to each other. 

c. At room temperature, bond rotation occurs rapidly, but a majority of molecules 
adopt the most stable conformation. 
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Solutions to Problems 



3 . 1 Notice that certain functional groups have different designations if other functional groups 
are present in a molecule. For example, a molecule containing a carbon-carbon double 
bond and no other functional group is an alkene; if other groups are present, the group is 
referred to as a carbon-carbon double bond. Similarly, a compound containing a benzene 
ring, and only carbon- and hydrogen-containing substituents, is an arene; if other groups 
are present, the ring is labeled an aromatic ring. 

^ sulfide carboxylic 

/ o . acid 

* II 

ch 3 sch 2 ch 2 chcoh 

NH 2 < — amine 

Methionine Ibuprofen 




3.2 




(a) 

CH 3 OH 

Methanol 

(e) 0 

II 

ch 3 cch 2 nh 2 

Aminoacetone 




1,3-Butadiene 



(d) 

ch 3 nh 2 

Methylamine 
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3 . 4 Strategy: We know that carbon forms four bonds and hydrogen forms one bond. Thus, 
draw all possible six-carbon skeletons and add hydrogens so that all carbons have four 
bonds. To draw all possible skeletons in this problem: (1) Draw the six-carbon straight- 
chain skeleton. (2) Draw a five-carbon chain, identify the different types of carbon atoms 
on the chain, and add a -CH 3 group to each of the different types of carbons, generating 
two skeletons. (3) Repeat the process with the four-carbon chain to give rise to the last two 
skeletons. Add hydrogens to the remaining carbons to complete the structures. 

Solution: 

CHo CHo 

| 3 | 3 

CH3CH2CH2CH2CH2CH3 CH3CH2CH2CHCH3 CH3CH2CHCH2CH3 

CH 3 CHo 

I 3 | 3 

CH3CH2CCH3 CH3CHCHCH3 

CH 3 ch 3 




0 


0 ch 3 


0 


II 


II 1 3 


II 


CH3COCH2CH2CH3 


CH3COCHCH3 


HCOCH2CH2CH2CH3 


0 ch 3 
II 1 3 


0 CHo 

II 1 3 


0 CHo 

II 1 3 


HCOCHCH2CH3 


HCOCH 2 CHCH 3 


HCOCCH3 

1 


(b) 

CH 3 CH 2 CH 2 C=N and 


ch 3 
1 3 

ch 3 chc=n 


ch 3 


(c) 


CH3CH2SSCH2CH3 


CH3SSCH2CH2CH3 


CH3SSCHCH3 
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3.6 (a) Two alcohols have the formula C3H8O. 

OH 

I 

CH 3 CH 2 CH 2 OH and CH3CHCH3 



(b)Four bromoalkanes have the formula C^gBr. 

Br 



CH 3 CH 2 CH 2 CH 2 Br 



CHo 

I I 3 

CH 3 CH 2 CHCH 3 CH 3 CHCH 2 Br 



3.7 



Br 

I 

CH3CCH3 

CHo 



ch 3 ch 2 ch 2 ch 2 ch 2 -|— ch 3 ch 2 ch 2 ch — ch 3 ch 2 ch — |— ch 3 ch 2 chch 2 -|— 



ch 3 chch 2 ch 2 -|- 

ch 3 



CHo 



I 

ch 2 ch 3 



CHo 



ch 3 

1 I 3 4 

ch 3 ch 2 c — |— CH3CHCH— |— 



■I 

CHo 



CHo 



■I 
ch 3 

CHo 
1 I 

ch 3 cch 2 -|- 

CHo 



3.8 



(a) 



P 
CH 3 
I 3 

CH 3 CHCH 2 CH 2 CH 3 
p t s s p 



(b) 



P t p 

CH3CHCH3 

CH 3 CH 2 CHCH 2 CH 3 
p s t s p 



3.9 



(a) 



P 
CH 3 
I 3 

CH 3 CHCH 2 CH 2 CH 3 
p t s s p 



(b) 



P t P 
CH3CHCH3 

CH 3 CH 2 CHCH 2 CH 3 
p s t s p 



(c) 



P 

ch 3 

I 3 



p 

?H 3 



p = primary; s = secondary; t - tertiary; q = quaternary 



ch 3 chch 2 -c-ch 3 

p t s I Q p 
CH 3 
P 



(c) 



P P 
CH 3 CHo 

I 3 I 3 

ch 3 chch 2 -c-ch 3 

p t s I p 

ch 3 

p 



3.10 



(a) 



CH 3 
t I 3 

CH0CHCHCH0 
3 | t 
CH 3 



(b) 



CH3CHCH3 



CH 3 CH 2 CHCH 2 CH 3 



(C) 



<? x ch 3 
ch 3 ch 2 cch 3 

s I 

ch 3 
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3.11 

• (a) 



CH3CH2CH2CH2CH3 



Pentane 



ch 3 ch 3 

CH 3 CH 2 CHCH 3 CH 3 CCH 3 

ch 3 

2-Methylbutane 2,2-Dimethylpropane 



(b) Strategy: 

Step h Find the longest continuous carbon chain and use it as the parent name. In (b), the 
longest chain is a pentane. 

Step 2: Identify the substituents. In (b), both substituents are methyl groups. 

Step 3: Number the substituents. In (b), numbering can start from either end of the carbon 
chain, and the methyl groups are in the 2- and 3- positions. 

Step 4: Name the compound. Remember that the prefix di- must be used when two 
substituents are the same. The IUPAC name is 2,3-dimethylpentane. 

Solution: 

ch 3 

5 4312 1 

CH 3 CH 2 CHCH — CH 3 2,3-Dimethylpentane 
CH 3 



(c) 



ch 3 

I 3 

(CH 3 )2CHCH 2 CHCH3 



2,4-Dimethylpentane 



(d) 



CH 3 

I 3 

(CH^gCCHgCHgCH 

CH 3 



2,2,5-Trimethylhexane 



3.12 Strategy: When you are asked to draw the structure corresponding to a given name, draw 
the parent carbon chain, attach the specified groups to the proper carbons, and fill in the 
remaining hydrogens. 



Solution: 

(a) 



CHo 

I 3 



(c) 



CH3CH2CH2CH2CH2CHCHCH2CH3 

ch 3 

3,4-Dimethylnonane 

ch 2 ch 2 ch 3 



I 

CH 3 CH2CH2CH 2 CHCH2C(CH3)3 



2,2-Dimethyl-4-propyloctane 



(b) 



CHo 

I 3 

ch 3 ch 2 ch 2 c — chch 2 ch 3 
ch 3 ch 2 ch 3 



3-Ethyl-4,4-dimethylheptane 



CH 3 CHo 
I 3 I 3 
CH 3 CHCH 2 CCH 3 

CH 3 

2,2,4-Trimethylpentane 




48 Chapter 3 



3.13 



CH 3 CH 2 CH 2 CH 2 CH 2 -|- ch 3 ch 2 ch 2 ch ch 3 ch 2 chch 2 -|- 



ch 3 ch 3 

Pentyl 1-Methylbutyl 2-Methylbutyl 

ch 3 ch 3 ch 3 

ch 3 ch 2 c — |— ch 3 chch-|- ch 3 cch 2 -|- 

ch 3 ch 3 ch 3 



1,1-Dimethylpropyl 1 ,2-Dimethylpropyl 2,2-Dimethylpropyl 



ch 3 chch 2 ch 2 -|- 

ch 3 

3-Methylbutyl 



CH 3 CH 2 CH — |— 

ch 2 ch 3 



1-Ethylpropyl 




Energy 
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3.16 




4.0 kJ/mol 6.0 kJ/mol 



The most stable conformation is staggered 
and occurs at 60°, 180°, and 300°. 



The least stable conformation is eclipsed and 
occurs at 0°, 120°, 240°, and 360°. 



(c),(d) 




3.17 

This conformation of 2,3-dimethylbutane 
is the most stable because it is staggered and 
has the fewest CH 3 -CH 3 gauche interactions. 




3.18 The conformation is a staggered conformation in which the hydrogens on carbons 2 and 3 
are 60° apart. Draw the Newman projection. 




q H 3 'N s 3.8 kJ/mol 




3.8 kJ/mol 



kJ/mol 



The Newman projection shows three gauche interactions, each of which has an energy cost 
of 3.8 kJ/mol. The total strain energy is 1 1.4 kJ/mol. 
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Visualizing Chemistry 
3.19 

(a) 



CH 2 CH— 




>? 



OH 



carboxylic 

acid 



Phenylalanine C 9 H 11 N0 2 




CH 2 N(CH 2 CH 3 ) 2 

t 

O amine 



14 n 22 N 2° 



3.20 




2,2,4 -Trimethylpentane 
Additional Problems 
3.21 



(a) 



a 



aromatic 

ring 



CHoOH 

t 

alcohol 

NHCHo 

\ . 

N amine. 



(d) 



CHoCHCOH 

3 | 

nh 2 

t 

amine 



(b) 



carboxylic 
^ acid 



(e) 



4-Isopropyl-2-methylheptane 




ketone 



\ 



C-C double 
bond 



C-C double 

ketone 





carboxylic 
acid chloride 



C-C triple 0 
bond 
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ch 3 


CH0CH3 
| ^ 6 d 


ch 3 ch 3 


CH3CH2CHCH2CHCH3 


hoch 2 chch 2 chch 3 


CH 3 CH 2 CHCH 2 CHCH 2 0 H 


1 ch 2 oh 


ch 3 




different 


same 


same 



Give the number " 1 " to the carbon bonded to -OH, and count to find the longest chain 
containing the -OH group. 

3.25 The isomers may be either alcohols or ethers. 





OH 

j 


ch 3 


<fH 3 


CH 3 CH 2 CH 2 CH2 — OH 


ch 3 ch 2 chch 3 


CH 3 CHCH 2 — OH 


CH3CCH3 




och 3 




OH 


CH 3 CH 2 CH 2 — OCH 3 


CH3CHCH3 


ch 3 ch 2 — OCH 2 CH 3 





3.26 Different answers to this problem and to Problem 3.27 are acceptable. 



(a) 0 


(b) 0 


(c) 0 


II 


II 


II 


CH3CH2CCH2CH3 


ch 3 cnhch 2 ch 3 


ch 3 coch 2 ch 2 ch 3 


W 0 


0 0 


(f) 




C 



CH3CCH2COCH2CH3 



h 2 nch 2 ch 2 oh 



3.27 



(a) 


0 


(b) 


C 4 H 8 0 : 


II 

CH 3 CCH 2 CH 3 


C5H9N: CH 3 CH 2 CH 2 CH 2 C = N 


(c) 


0 0 


(d) 




II II 




C 4 H 6 0 2 : 


hcch 2 ch 2 ch 


C 6 H 11 Br: CH 3 CH 2 CH = CHCH 2 CH 2 Br 


(e) 




(f) 


C 6 Hi 4 : 


ch 3 ch 2 ch 2 ch 2 ch 2 ch 3 


C 6 H 12 : 1 I 


(g) 




W 0 



C 5 H 8 : CH 3 CH = CHCH = CH 2 



C 5 H g O: H 2 C =CHCCH 2 CH 3 
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3.28 First, draw all straight-chain isomers. Then proceed to the simplest branched structure. 



(a) There are four alcohol isomers with the formula C4H10O. 

OH CHq OH 

I I 3 I 

CH3CH2CH2CH2OH CH3CH2CHCH3 CH 3 CHCH 2 OH CH3CCH3 

CH 3 

(b) There are 17 isomers of C5H13N. Nitrogen can be bonded to one, two or three alkyl 
groups. 

nh 2 nh 2 

I I 2 

CH3CH2CH2CH2CH2NH2 CH 3 CH 2 CH 2 CHCH3 CH3CH2CHCH2CH3 



NHo 

I 2 



NHo 

I 2 



CH3CH2CHCH2NH2 CH 3 CH 2 CCH 3 CH3CHCHCH3 H 2 NCH 2 CH 2 CHCH3 



'I 

CHo 



“I 

CHo 



CH 3 

I 3 

CH 3 CCH 2 NH 2 CH3CH2CH2CH2NHCH3 

ch 3 

ch 3 ch 3 

ch 3 chch 2 nhch 3 



ch 3 

CHo 

I 3 

CH3CH2CHNHCH3 



I 

CHo 



CHo 



CH3CNHCH3 CH3CH2CH2NHCH2CH3 CH 3 CHNHCH 2 CH 3 
CHo 



ch 3 ch 3 

I 3 I 3 

CH3CH2CH2NCH3 CH3CHNCH3 
CHo 



CH 3 
I 3 

CH3CH2NCH2CH3 



(c) There are 3 ketone isomers with the formula C5H10O. 

OOO 

II II II 

CH3CH2CH2CCH3 CH3CH2CCH2CH3 CH3CHCCH3 

CHo 



(d) There are 4 isomeric aldehydes with the formula C5H10O. Remember that the aldehyde 
functional group can occur only at the end of a chain. 

0 0 0 



CH3CH2CH2CH2CH CH 3 CHCH 2 CH ch 3 ch 2 chch 
ch 3 ch 3 



ch 3 O 
I 3 II 

CHoC — CH 
3 | 

CHo 
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(e) There are 4 esters with the formula C4H8O2. 



O 

II 



CH 3 CH 2 COCH 3 CH3COCH2CH3 HCOCH 2 CH 2 CH 3 



O CH 3 

II I 3 

HCOCHCH3 



(f) There are 3 ethers with the formula C4H10O. 



ch 3 

CH3CH2OCH2CH3 ch 3 och 2 ch 2 ch 3 ch 3 ochch 3 



3.29 

(a) 



CH 3 CH 2 OH 



(b) 



^H 3 

CHoCC = N 

3 | 

CH 3 



(c) 



SH 

I 



ch 3 chch 3 



< d > OH 

I 

CH 3 CHCH 2 OH 



(e) 



ch 3 

I 

ch 3 choch 3 



(f) 



ch 3 

ch 3 cch 3 

ch 3 



3.30 

CH 3 CH 2 CH2CH 2 CH2Br 

1-Bromopentane 

3.31 

CHo CH 3 

I 3 I 3 

ch 3 chch 2 ch 2 chch 2 ci 

l-Chloro-2,5-di- 

methylhexane 



ch 3 ch 2 ch 2 chch 3 

2-Bromopentane 

CHo CH 3 

I 3 I 3 

ch 3 chch 2 ch 2 cch 3 

Cl 

2-Chloro-2,5-di- 

methylhexane 



Br 

I 

ch 3 ch 2 chch 2 ch 3 

3-Bromopentane 

ch 3 ch 3 
ch 3 chch 2 chchch 3 
Cl 

3-Chloro-2,5-di 
methylhexane 



3.32 



(a) 






(b) sp 

\ 

— C = N 
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3.33 (a) Although it is stated that biacetyl contains no rings or carbon-carbon double bonds, it is 
obvious from the formula for biacetyl that some sort of multiple bond must be present. The 
structure for bi acetyl contains two carbon-oxygen double bonds. 

(b) Ethyleneimine contains a three-membered ring. 

(c) Glycerol contains no multiple bonds or rings. 




also possible: 

O OOO 
II II II II 
hcch 2 ch 2 ch hcch 2 cch 3 



.(b) 



H 



N 

/ \ 



(c) 



3.34 



(a) 



CHo 

I 3 

ch 3 ch 2 ch 2 ch 2 ch 2 chch 3 



2-Methylheptane 



h 2 c— ch 2 

Ethyleneimine 



OH 

I 

HOCH 2 CHCH 2 OH 



Glycerol 



(b) 



CH 3 

I 3 

ch 3 ch 2 ch — ch 2 cch 3 



ch 2 ch 3 ch 3 

4-Ethyl-2,2-dimethylhexane 



' ch 3 ch 3 

I 3 I 3 

ch 3 ch 2 ch 2 ch 2 c — chch 2 ch 3 
ch 2 ch 3 

4-Ethyl-3,4-dimethyloctane 

1 ch 3 ch 2 ch 3 ch 3 

ch 3 ch 2 ch 2 ch 2 chch 2 c chch 3 

ch 2 ch 3 

3,3-Diethyl-2,5-dimethylnonane 



CHo CHo 

I 3 I 3 

CH 3 CH 2 CH 2 CCH 2 CHCH 3 

ch 3 

2,4,4-Trimethylheptane 

(f) 

ch 3 chch 3 

ch 3 ch 2 ch 2 chchch 2 ch 3 

ch 3 

4-Isopropyl-3-methylheptane 



3.35 



(a) 



CHo 

I 3 

CH 3 CHCH 3 



3.36 



2-Methylpropane 



(a) 



CH 3 
I 3 

ch 3 chch 3 



(b) 



CHo 

I 3 

CH 3 CCH 3 

ch 3 



2,2-Dimethylpropane 



(c) 



ch 3 ch 2 ch 2 ch 2 ch 2 ch 3 



Hexane 



(b) 



CH 3 CH 3 



2-Methylpropane Ethane 
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CH 3 CH2CH2CH 2 CH 2 Br 



CH 3 

I 3 

ch 3 chc=n 



(e) There are no aldehyde (0 
isomers. However, the 
structure below is a ketone 
isomer. q 
II 

CH 3 CCH 3 



ch 3 chch 2 ch 2 ch 3 CH 3 CH 2 CCH 3 



HoC CH 3 
3 | I 3 

ch 3 chcch 2 ch 2 ch 3 



2-Methylpentane 2,2-Dimethylbutane 2,3,3-Trimethylhexane 



(d) ch 2 ch 3 ch 3 



ch 3 ch 2 ch 3 K ' h 3 c ch 3 



ch 3 ch 2 chch 2 ch 2 chch 3 ch 3 ch 2 ch 2 chch 2 cch 3 ch 3 c— cch 2 ch 2 ch 3 

ch 3 h 3 c ch 3 

5-Ethyl-2-methyl- 3,3,5-Trimethyloctane 2,2,3,3-Tetramethyl- 

heptane hexane 



CH 3 CH 2 CH 2 CH2CH2CH 3 ch 3 ch 2 ch 2 chch 3 

Hexane 2-Methylpentane 



ch 3 

ch 3 ch 2 chch 2 ch 3 

3-Methylpentane 



ch 3 

I 3 

ch 3 ch 2 cch 3 

ch 3 



ch 3 

I 3 

ch 3 chchch 3 



2,2-Dimethylbutane 2,3-Dimethylbutane 
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3.40 



Structure and Correct Name 

CH0CH3 CHo 

i 2 8 3 | 3 

CH3CHCH2CH2CH2CCH3 

CH 3 



(b) 



Correct name: 2,2,6-Trimethyloctane 

CH 3 

I 3 

CH3CHCHCH2CH2CH3 

ch 2 ch 3 



Correct name: 3-Ethyl-2-methyIhexane 



(c) 



CH 3 

I 3 

CH3CH0C — CHCHpCHo 
1 3 2 | I 2 6 

ch 3 ch 2 ch 3 



Error 



The longest chain is an octane. 



The longest chain is a hexane. 
Numbering should start from the 
opposite end of the carbon chain, 
nearer the first branch. 



Numbering should start from the 
opposite end of the carbon chain. 
See step 2 (b) in Section 3 . 4 . 



Correct name: 4-Ethyl-3,3-dimethylhexane 



C H 3 CH 3 

CH 3 CH 2 CH — CCH2CH2CH2CH3 

1 I 8 

ch 3 

Correct name: 3,4,4-Trimethyloctane 

CH 3 

I 3 

CH3CH2CH2CHCH2CHCH3 
8 I 

CH3CHCH3 

Correct name: 2,3,5-Trimethyloctane 



Numbering should start from the 
opposite end of the carbon chain. 



The longest chain is an octane. 



3.41 



ch 3 ch 2 ch 3 

CH3CCH2CCH2CH3 

ch 3 ch 2 ch 3 



(b) 



CHo 

I 3 

ch 2 ch 2 chch 3 

CH3CH2CH2CH2CH2CHCH2CH2CH2CH2CH3 



4,4-DiethyI-2,2-dimethylhexane 6-(3-Methylbutyl)-undecane 

Remember that you must choose an alkane whose 
principal chain is long enough so that the substituent 
does not become part of the principal chain. 
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3.42 



^H 3 -*-6.0 kJ/mol 







(a), (b) 3.8 kJ/mol CH 3 

| Ha 

ch 3 ch 2 -chch 3 

t 

C2-C3 bond H '/ ° 

4.0 kJ/mol 11.0 kJ/mol 

2-MethyIbutane Most stable conformation Least stable conformation 

The energy difference between the two conformations is (11.0 + 6.0 + 4.0) kJ/mol - 
3.8 kJ/mol = 17.2 kJ/mol. 



(c) Consider the least stable conformation to be at zero degrees. Keeping the front of the 
projection unchanged, rotate the back by 60° to obtain each conformation. 

CHo 3.8 kJ/mol 

■6.0 kJ/mol r| H; 3 



CHo 



h vtv h 






H T CHo 

3.8 kJ/mol 



H cl 

/ 

6.0 kJ/mol 




HCHo 

\ 

6.0 kJ/mol 



H^T^CHo 



at 60° : energy = 3.8 kJ/mol at 120° : energy =18.0 kJ/mol at 180° : energy = 3.8 kJ/mol 



CHo 

Jr 3 ' 

A 



■11.0 kJ/mol CH 3 " N t ) 3.8 kJ/mol 

y 3.8 kJ/mol 
'CH 3 






HCHo 

/'■ \ 

4.0 kJ/mol 6.0 kJ/mol 

at 240° : energy = 21 .0 kJ/mol at 300° : energy = 7.6 kJ/mol 
Use the lowest energy conformation as the energy minimum. The highest energy 
conformation is 17.2 kJ/mol higher in energy than the lowest energy conformation. 



4 



Energy 

(kJ/mol) 
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3.43 




2 CH 3 <->CH 3 gauche 
= 2 x 3.8 kJ/mol 
= 7.6 kJ/mol 



r^f 3 ^ 




3 CH 3 <-»CH 3 gauche 
= 3 x 3.8 kJ/mol 
= 11.4 kJ/mol 



f 3 ^ 




3 CH 3 <->CH 3 gauche 
= 3 x 3.8 kJ/mol 
= 11.4 kJ/mol 



3.44 Since we are not told the values of the interactions for 1,2-dibromoethane, the diagram can 
only be qualitative. 




The anti conformation is at 1 80°. 

The gauche conformations are at 60°, 300°/ 

3.45 The anti conformation has no net dipole moment because the polarities of the individual 
bonds cancel. The gauche conformation, however, has a dipole moment. Because the 
observed dipole moment is 1.0 D at room temperature, a mixture of conformations must be 
present. 
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3.46 The highest energy conformation of bromoethane has a strain energy of 15 kJ/mol. 

Because this includes two H-H eclipsing interactions of 4.0 kJ/mol each, the value of an 
H-Br eclipsing interaction is 15 kJ/mol - 2(4.0 kJ/mol) = 7.0 kJ/mol. 





3.47 The best way to draw pentane is to make a model and to copy it onto the page. A model 
shows the relationship among atoms, and its drawing shows how these relationships 
appear in two dimensions. From your model, you should be able to see that all atoms are 
staggered in the drawing. 



HH H H 

V V 

s 'c /Cx c xC ' s ‘c x 

J\ J\ J\ 

H H H H H H 
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3.49 Strategy: (a) Because malic acid has two -CO 2 H groups, the formula for the rest of the 
molecule is C 2 H 4 O. Possible structures for malic acid are: 



0 0 


0 0 


0 OH 0 


II II 


11 II 


II 1 II 


HOC— CH— COH 
| 


HOC— CHCH 2 -COH 
1 * 


HOC — C — COH 
1 


ch 2 oh 


OH 


CO 

X 

-O 


primary alcohol 


secondary alcohol 


tertiary alcohol 


0 0 


0 0 


0 0 


II II 


II II 


II II 


hoc— ch 2 och 2 -coh 


hoc-och 2 ch 2 -coh 


HOC-OCH— COH 
1 

ch 3 



(b) Because only one of these compounds (the second one) is also a secondary alcohol, it 
must be malic acid. 

3.50 Strategy: To solve this type of problem, read the problem carefully, word for word. 
Then try to interpret parts of the problem. For example: 



1) Formaldehyde is an aldehyde, H C H 

2) It trimerizes - that is, 3 formaldehydes come together to form a compound C 3 H 6 O 3 . 
Because no atoms are eliminated, all of the original atoms are still present. 

3) There are no carbonyl groups. This means that trioxane cannot contain any -C=0 
functional groups. If you look back to Table 3.1, you can see that the only oxygen- 
containing functional groups that can be present are either ethers or alcohols. 

4) A monobromo derivative is a compound in which one of the -H's has been replaced by 
a -Br. Because only one monobromo derivative is possible, we know that there can 
only be one type of hydrogen in trioxane. The only possibility for trioxane is: 

Solution: 



0 

| Trioxane 

h 2 c^ ^ch 2 
o 
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3.51 

Most stable Strain energy Least stable Strain energy 




* 3.8 kJ/mol 



7.6 kJ/mol 



7.6 kJ/mol 




21 kJ/mol 



23 kJ/mol 



26 kJ/mol 



15.2 kJ/mol 




** 28 kJ/mol 



H 3 C H CH§0[_| 3 

*most stable overall (least strain) 
** least stable overall (most strain) 
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3.52 




Zocor C25H 38 0 5 Pravachol C 2 3H 36 0 7 



A alcohol B ester 

C carboxylic acid D C-C double bond (alkene) 

The carboxylic acid group in Pravachol is an ester group in Zocor. 

The alcohol at the bottom left of Pravachol is a methyl group in Zocor. 



3.53 A puckered ring allows all the bonds in the ring to have a nearly tetrahedral bond angle. (If 
the ring were flat, C-C-C bond angles would be 120°.) 






In one of the 1,2-dimethylcyclohexanes the two methyl groups are on the same side of the 
ring, and in the other isomer the methyl groups are on opposite sides. 






Chapter 4 - Organic Compounds: 
Cycloalkanes and Their Stereochemistry 



Chapter Outline 



I. Cycloalkanes (Sections 4.1 - 4.2). 

A. Cycloalkanes have the general formula C„H 2 m if they have one ring. 

B. Naming cycloalkanes (Section 4.1). 

1 . Find the parent. 

a. If the number of carbon atoms in the ring is larger than the number in the largest 
substituent, the compound is named as an alkyl-substituted cycloalkane. 

b . If the number of carbon atoms in the ring is smaller than the number in the 
largest substituent, the compound is named as an cycloalkyl-substituted alkane. 

2 . Number the substituents. 

a. Start at a point of attachment and number the substituents so that the second 
substituent has the lowest possible number. 

b. If necessary, proceed to the next substituent until a point of difference is found. 

c. If two or more substituents might potentially receive the same number, number 
them by alphabetical priority. 

d. Halogens are treated in the same way as alkyl groups. 

C. Cis-trans isomerism in cycloalkanes (Section 4.2). 

1 . Unlike open-chain alkanes, cycloalkanes have much less rotational freedom. 

a. Very small rings are rigid. 

b. Large rings have more rotational freedom. 

2. Cycloalkanes have a "top" side and a "bottom" side. 

a. If two substituents are on the same side of a ring, the ring is cis-disubstituted. 

b. If two substituents are on opposite sides of a ring, the ring is trans-disubstituted. 

3 . Substituents in the two types of disubstituted cycloalkanes are connected in the 
same order but differ in spatial orientation. 

a. These cycloalkenes are stereoisomers that are known as cis-trans isomers. 

b. Cis-trans isomers are stable compounds that can't be interconverted. 

II. Conformations of cycloalkanes (Sections 4.3 - 4.9). 

A. General principles (Section 4.3). 

1 . Ring strain. 

a. A. von Baeyer suggested that rings other than those of 5 or 6 carbons were too 
strained to exist. 

b. This concept of angle strain is true for smaller rings, but larger rings can be 
easily prepared. 

2. Heats of combustion of cycloalkanes. 

a. To measure strain, it is necessary to measure the total energy of a compound 
and compare it to a strain-free reference compound. 

b . Heat of combustion measures the amount of heat released when a compound is 
burned in oxygen. 

i. The more strained the compound, the higher the heat of combustion. 

ii. Strain per CH 2 unit can be calculated and plotted as a function of ring size. 

c. Graphs show that only small rings have serious strain. 
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3 . The nature of ring strain. 

a. Rings tend to adopt puckered conformations. 

b. Several factors account for ring strain. 

i . Angle strain occurs when bond angles are distorted from their normal 
values. 

ii. Torsional strain is due to eclipsing of bonds. 

iii. Steric strain results when atoms approach too closely. 

B . Conformations of small rings (Section 4.4). 

1. Cyclopropane. 

a. Cyclopropane has bent bonds. 

b . Because of bent bonds, cyclopropane is more reactive than other cycloalkanes. 

2. Cyclobutane. 

a. Cyclobutane has less angle strain than cyclopropane but has more torsional 
strain. 

b. Cyclobutane has almost the same total strain as cyclopropane. 

c. Cyclobutane is slightly bent to relieve torsional strain, but this increases angle 
strain. 

3. Cyclopentane 

a. Cyclopentane has little angle strain but considerable torsional strain. 

b. To relieve torsional strain, cyclopentane adopts a puckered conformation. 

In this conformation, one carbon is bent out of plane; hydrogens are nearly 
staggered. 

C. Conformations of cyclohexane (Sections 4.5 - 4.8). 

1 . Chair cyclohexane (Section 4.5). 

a. The chair conformation of cyclohexane is strain-free. 

b . In a standard drawing of cyclohexane, the lower bond is in front. 

c . The twist-boat conformation of cyclohexane has little angle strain but 
experiences both steric strain and torsional strain. 

2 . Axial and equatorial bonds in cyclohexane (Section 4.6). 

a. There are two kinds of positions on a cyclohexane ring. 

i . Six axial hydrogens are perpendicular to the plane of the ring. 

ii. Six equatorial hydrogens are roughly in the plane of the ring. 

b. Each carbon has one axial hydrogen and one equatorial hydrogen. 

c . Each side of the ring has alternating axial and equatorial hydrogens. 

d. All hydrogens on the same side of the ring are cis. 

3 . Conformational mobility of cyclohexanes. 

a . Different chair conformations of cyclohexanes interconvert by a ring-flip. 

b. After a ring-flip, an axial bond becomes an equatorial bond, and vice versa. 

c. The energy barrier to interconversion is 45 kJ/mol, making interconversion 
rapid at room temperature. 

4. Conformations of monosubstituted cyclohexanes (Section 4.7). 

a. Both conformations aren't equally stable at room temperature. 

In methylcyclohexane, 95% of molecules have the methyl group in the 
equatorial position. 

b . The energy difference is due to 1 ,3-diaxial interactions. 

i . These interactions are due to steric strain. 

ii. They are the same interactions as occur in gauche butane. 

c . Axial methylcyclohexane has two gauche interactions that cause it to be 7.6 
kJ/mol less stable than equatorial methylcyclohexane. 

d. All substituents are more stable in the equatorial position. 

The size of the strain depends on the size of the group. 
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5. Conformations of disubstituted cyclohexanes (Section 4.8). 

a. In cis- 1 ,2-dimethylcyclohexane, one methyl group is axial and one is equatorial 
in both chair conformations, which are of equal energy. 

b. In ?ra/w-l,2-dimethylcyclohexane, both methyl groups are either both axial or 
both equatorial. 

i. The conformation with both methyl groups axial is 15.2 U/mol less stable 
than the conformation with both groups equatorial. 

ii. The trans isomer exists almost exclusively in the diequatorial conformation. 

c . This type of conformational analysis can be carried out for most substituted 
cyclohexanes. 

D. Conformations of polycyclic molecules (Section 4.9). 

1 . Decalin has two rings that can be either cis-fused or trans-fused. 

The two decalins are nonconvertible. 

2. Steroids have four fused rings. 

3 . Bicyclic ring systems have rings that are connected by bridges. 

In norbomane, the six-membered ring is locked into a boat conformation. 

Solutions to Problems 



4 . 1 Strategy: The steps for naming a cycloalkane are very similar to the steps used for 
naming an open-chain alkane. 

Step 1 : Name the parent cycloalkane. In (a), the parent is cyclohexane. If the compound 
has an alkyl substituent with more carbons than the ring size, the compound is named as a 
cycloalkyl-substituted alkane. 

Step 2: Identify the substituents. In (a), both substituents are methyl groups. 

Step 3: Number the substituents so that the second substituent receives the lowest possible 
number. In (a), the substituents are in the 1- and 4- positions. 

Step 4: Name the compound. If two different alkyl groups are present, cite them 
alphabetically. Halogen substituents follow the same rules as alkyl substituents. 



Solution: 

(a) 



CH 3 

1,4-DimethyI- 

cyclohexane 




(b) 



ch 2 ch 2 ch 3 



CHo 




(c) 




l-Methyl-3-propyl- 

cyclopentane 

(e) 







l-Bromo-4-ethyl- l-Isopropyl-2-methyl- 4-Bromo-l-terf-butyl- 

cyclodecane cyclohexane 2-methylcycloheptane 
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4.2 To draw a substituted cycloalkane, simply draw the ring and attach substituents in the 
specified positions. 




1,2-DichlorocycIopentane l,3-Dibromo-5-methylcyclohexane 

4.3 




4 . 4 Strategy: Two substituents are cis if they both have either dashed or wedged bonds. The 
substituents are trans if one has a wedged bond and the other has a dashed bond. 

Solution: 




trans- l-Chloro-4-methylcydohexane c/s-l-Ethyl-3-methylcycloheptane 
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4.5 




H 



fra/is-l-Bromo-3- 

methylcyclohexane 



(b) 



H 




H 




cis-l,2-DimethylcycIobutane trans-l-tert-Buty\- 

2-ethyIcyclohexane 




The two hydroxyl groups are cis because they both point behind the plane of the page. The 
carbon chains have a trans relationship (one is dashed and the other is wedged). 



(a) H 0>) 




ds-l,2-DimethylcycIopentane cjs-l-Bromo-3-methylcyclobutane 



4.8 




All hydrogen atoms on the same side of the cyclopropane ring are eclipsed by neighboring 
hydrogens. If we draw each hydrogen-hydrogen interaction, we count six eclipsing 
interactions. Since each of these interactions costs 4.0 kJ/mol, all six cost 24.0 kJ/mol. 24 
kJ/mol +115 kJ/mol = 0.21; thus, 21% of the total strain energy of cyclopropane is due to 
torsional strain. 




Organic Compounds: Cycloalkanes and Their Stereochemistry 69 

4.9 




The added energy cost of eclipsing interactions causes cis- 1 ,2-dimethylcyclopropane to be 
of higher energy and to be less stable than the trans isomer. 

4.10 




' ^ H 



If cyclopentane were planar, it would have ten hydrogen-hydrogen interactions with a total 
energy cost of 40 kJ/mol. The measured total strain energy of 26 kJ/mol indicates that 14 
kJ/mol of eclipsing strain in cyclopentane (35%) has been relieved by puckering. 

4.11 




more stable less stable 



The methyl groups are farther apart in the more stable conformation of c/5-1,3 
dimethylcyclobutane. 
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4.12 Use the technique in Section 4.5 to draw the cyclohexane ring. Figure 4.10 shows how to 
attach axial and equatorial bonds. 




H a H a H a H a 

The conformation with -OH in the equatorial position is more stable. 
Note: The starred ring carbons lie in the plane of the paper. 



4.13 In trans-l,4-disubstituted cyclohexanes, the methyl substituents are either both axial or 
both equatorial. 




fr«ns-l,4-Dimethylcyclohexane 



4.14 




4.15 Table 4.1 shows that an axial hydroxyl group causes 2 x 2.1 kJ/mol of steric strain. Thus, 
the energy difference between axial and equatorial cyclohexanol is 4.2 kJ/mol . 

2.1 kJ/mol 



H <- -> OH H 





Organic Compounds: Cycloalkanes and Their Stereochemistry 



71 



4.16 There is very little energy difference between an axial and an equatorial cyano group 
because the small cyano group produces practically no 1,3-diaxial interactions. 




Cyclohexanecarbonitrile 

4.17 Table 4.1 shows that an axial bromine causes 2 x 1.0 kJ/mol of steric strain. Thus, the 
energy difference between axial and equatorial bromocyclohexane is 2.0 kJ/mol. 
According to Figure 4.12, this energy difference corresponds approximately to a 75:25 
ratio of more stable : less stable conformer. Thus, 75% of bromocyclohexane molecules 
are in the equatorial conformation, and 25% are in the axial conformation at any given 
moment. 

4.18 Strategy: Draw the two chair conformations of each molecule, and look for gauche and 
1,3-diaxial interactions. Use Table 4.1 to estimate the values of the interactions. Calculate 
the total strain; the conformation with the smaller value for strain energy is more stable. 

Solution: 




CK *<• H 

f/*«ns-l-Chloro-3-methylcyclohexane 



2 (H-CH 3 ) = 7.6 kJ/mol 2 (H-Cl) = 2.0 kJ/mol 

The second conformation is more stable than the first. 



(b) 



ring 
flip 

cis-l-Ethyl-2-methylcyclohexane 

one CH 3 -CH 2 CH 3 gauche one CH 3 -CH 2 CH 3 gauche 

interaction = 3.8 kJ/mol interaction = 3.8 kJ/mol 

2 (H-CH 2 CH 3 ) = 8.0 kJ/mol 2 (H-CH 3 ) = 7.6 kJ/mol 

Total =11.8 kJ/mol Total = 1 1 .4 kJ/mol 





The second conformation is more stable than the first. 
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(C) 






ch 2 ch 3 



ring^ 

flip 






ch 2 ch 3 



c/s-l-Bromo-4-ethyIcyclohexane 

2 (H-CH2CH3) = 8.0 kJ/mol 2 (H-Br) = 2.0 kJ/mol 

The second conformation is more stable than the first. 



(d) 

H -^C(CH 3 ) 3 CH 3 CH 2 ^---^H 

kck ^ l^u 

CH 3 CH 2 — L*^***J flip V*--*^\^,C(CH3)3 

cis-l-terf-Butyl-4-ethylcycIohexane 

2 [H-C(CH 3 ) 3 ] = 22.8 kJ/mol 2 (H-CH 2 CH 3 ) = 8.0 kJ/mol 

The second conformation is more stable than the first. 



4.19 Strategy: The three substituents have the orientations shown in the first structure. To 
decide if the conformation shown is the more stable conformation or the less stable 
conformation, perform a ring-flip on the illustrated conformation and do a calculation like 
those in the previous problem. Notice that each conformation has a CI-CH3 gauche 
interaction, but we don't need to know its energy cost because it is present in both 
conformations. 

Solution: 




2 [H-CH 3 ] = 7.6 kJ/mol 2 [H-CH 3 ] = 7.6 kJ/mol 

2 TH-Cll = 2.0 kJ/mol 
= 9.6 kJ/mol 



The illustrated conformation is the less stable chair form. 
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4.20 



H 




Trans - decalin is more stable than cw-decalin because of three 1,3-diaxial interactions 
present in the cis isomer. You may be able to visualize these interactions by thinking of the 
circled parts of ds-decalin as similar to axial methyl groups. The gauche interactions that 
occur with axial methyl groups also occur in ds-decalin. 



Visualizing Chemistry 
4.21 




cis-l-Ethyl-3-methyl- 1,1,4-Trimethylcyclohexane 

cyclopentane 



4.22 




trans- l-Chloro-3-methylcyclohexane 



2 (H-CH 3 ) = 7.6 kJ/mol 2 (H-Cl) = 2.0 kJ/mol 

The conformation shown (the left structure) is the less stable conformation. 

4.23 
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a' w/n 

a-Glucose f}-Glucose 



The only difference between a-glucose and (3-glucose is in the orientation of the -OH 
group at carbon 1; the -OH group is axial in a-glucose, and it is equatorial in (3-glucose. 
You would expect (3-glucose to be more stable because it has all substituents in the 
equatorial position. 



Additional Problems 



4.25 



/ ch 3 h 3 c h 3 c h 3 c 

O a V», V 



CHo 



The last two structures are cis-trans isomers. 



4.26 




c*Vl,2-Dibromo- 

cyclopentane 




cis-1, 3-Dibromo- 
cyclopentane 



fr««s-l,3-Dibromo- 

cyclopentane 



constitutional isomers of cis- 1 ,2-dibromocyclopentane 



4.27 





frans-l,3-Dimethylcyclobutane 



cis-l,3-Dimethylcyclobutane 
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4.28 




4.29 Make a model of cis- 1 ,2-dichlorocyclohexane. Notice that all cis substituents are on the 
same side of the ring and that two adjacent cis substituents have an axial-equatorial 
relationship. Now, perform a ring-flip on the cyclohexane. 




After the ring-flip, the relationship of the two substituents is still axial-equatorial. No two 
adjacent cis substituents can be converted to being both axial or both equatorial. Don’t 
forget that there are only two chair conformations of any given cyclohexane. 

4.30 For a trans- 1 ,2-disubstituted cyclohexane, two adjacent substituents must be either both 
axial or both equatorial. 




A ring flip converts two adjacent axial substituents to equatorial substituents, and vice 
versa. As in Problem 4.29, no two adjacent trans substituents can have an axial-equatorial 
relationship. 
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4.31 

cis - 1 ’ 3 

Y 







trans- 1,3 




X 



Y 



A cis-l,3-disubstituted isomer exists almost exclusively in the diequatorial conformation, 
which has no 1,3-diaxial interactions. The trans isomer must have one group axial, leading 
to 1,3-diaxial interactions. Thus, the trans isomer is less stable than the cis isomer. When a 
molecule has two conformations available, the molecule exists mainly in the lower energy 
conformation. 




trans 



The trans- 1,4-isomer is more stable. 



4.33 




cis 




Two types of interaction are present in cis- 1 ,2-dimethylcyclobutane. One interaction occurs 
between the two methyl groups, which are almost eclipsed. The other is an across-the-ring 
interaction between methyl group at position 1 of the ring and a hydrogen at position 3. 
Because neither of these interactions are present in trans isomer, it is more stable than the 
cis isomer. 
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In this conformation, all substituents, except for one hydroxyl group, are equatorial. 



4.37 From the flat-ring drawing you can see that the methyl group and the -OH group have a cis 
relationship, and the isopropyl group has a trans relationship to both of these groups. 

Draw a chair cyclohexane ring and attach the groups with the correct relationship. 



?H 3 




In this conformation, all substituents are equatorial. Now, perform a ring flip. 



H 


— 7 * pHo 


ring 


(CH 3 ) 2 CH h 




(CH 3 ) 2 CH^Z^^ 

H 


ly 3 


flip 


OH 


CHo 



The second conformation is less stable because all substituents are axial. 
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4.38 




Menthol cis-trans isomers of menthol 



The substituents on the ring have the following relationships: 





Menthol 


Isomer A 


Isomer B 


Isomer C 


— CH(CH 3 ) 2 ,— ch 3 


trans 


trans 


cis 


cis 


— CH(CH 3 ) 2 — OH 


trans 


cis 


trans 


cis 


— CH 3) — OH 


cis 


trans 


trans 


cis 




cis relationship: red-green, blue-black 

trans relationship: red-blue, green-blue 
red-black, green-black 



4.40 




Two cis-trans isomers of 1,3,5-trimethylcyclohexane are possible. In one isomer (A), all 
methyl groups are cis; in B, one methyl group is trans to the other two. 
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4.41 Strategy: To solve this problem: (1) Find the energy cost of a 1,3-diaxial interaction by 
using Table 4.1. (2) Convert this energy difference into a percent by using Figure 4.12. 



Solution: 

( a ) 



CH(CH 3 ) 2 



2 (H - CH(CH 3 ) 2 ) = 9.2 kJ/mol 
% equatorial = 97 
% axial = 3 



2(H-F)= 1.0 kJ/mol 
7 equatorial = 63 
% axial = 37 




2 (H - CN) = 0.8 kJ/mol 
% equatorial = 60 
% axial = 40 



4.42 Make sure you know the difference between axial-equatorial and cis-trans. Axial 

substituents are parallel to the axis of the ring; equatorial substituents lie around the equator 
of the ring. Cis substituents are on the same side of the ring; trans substituents are on 
opposite side of the ring. 

(a) 1,3-trans 




axial, equatorial 
(b) 1,4-cis 





axial, equatorial 



equatorial, axial 
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(c) 1,3-cis 




axial, axial equatorial, equatorial 



(d) 1,5-trans is the same as 1,3-trans 

(e) 1,5-cis is the same as 1,3-cis 

(f) 1 , 6 -trans 




axial, axial equatorial, equatorial 

1 , 6 -trans is the same as 1 , 2 -trans. 

4.43 




diequatorial diaxial 



The large energy difference between conformations is due to the severe 1,3 diaxial 
interaction between the two methyl groups. 

4.44 Diaxial cis-l,3-dimethylcyclohexane contains three 1,3-diaxial interactions - two H-CH 3 
interactions of 3.8 kJ/mol each, and one CH 3 -CH 3 interaction. If the diaxial conformation 
is 23 kJ/mol less stable than the diequatorial, 23 kJ/mol - 2(3.8 kJ/mol) ~ 15 kJ/mol of 
this strain energy must be due to the CH 3 -CH 3 interaction. 

4.45 




2 H - CH 3 interactions = 7.6 kJ/mol 2 H - CH 3 interactions = 7.6 kJ/mol 

1 CHk - CTD interaction = 15 kJ/mol 
= 23 kJ/mol 

Conformation A is favored because it is 15 kJ/mol lower in energy than conformation B. 
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4.46 Note: In working with decalins, it is essential to use models. Many structural features of 
decalins that are obvious with models are not easily visualized with drawings. 



H H 




trans - Decalin ciVDecalin 



No 1,3-diaxial interactions are present in trans- decalin. 

At the ring junction of cfs-decalin, one ring acts as an axial substituent of the other (see 
circled bonds). The circled part of ring B has two 1,3-diaxial interactions with ring A 
(indicated by arrows). Similarly, the circled part of ring A has two 1,3-diaxial interactions 
with ring B; one of these interactions is the same as an interaction of part of the B ring 
with ring A. These three 1,3-diaxial interactions have a total energy cost of 3 x 3.8 kJ/mol 
= 1 1.4 0/mol. C/s-decalin is therefore less stable than trans - decalin by 1 1.4 kJ/mol. 

4.47 A ring-flip converts an axial substituent into an equatorial substituent and vice versa. At the 
ring junction of rrans-decalin, each ring is a trans-trans diequatorial substituent of the 
other. If a ring-flip were to occur, the two rings would become axial substituents of each 
other. You can see with models that a diaxial ring junction is impossibly strained. 
Consequently, frarcs-decalin does not ring-flip. 



The rings of cfs-decalin are joined by an axial bond and an equatorial bond. After a 
ring-flip, the rings are still linked by an equatorial and an axial bond. No additional strain 
or interaction is introduced by a ring-flip of ci's-decalin. 
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4.48 Build models to see the stability difference between the two [4.1.0] ring systems. In both 
cases, fusing a three-membered ring to a six-membered ring distorts the bond angles of 
both rings, causing angle strain. This strain is much more severe in the trans isomer than in 
the cis isomer. 




H 



c/s-Bicyclo[4. 1.0] heptane Jrflws-Bicyclo[4. 1.0] heptane 

4.49 Strategy: In the flat-ring structure shown, all -OH groups have a alternating relationship 
except for the starred group. If all of the groups had a trans relationship, the most stable 
conformation would have all -OH groups in the equatorial position. We expect that the 
most stable conformation of this structure has one group in the axial position. 

Draw both rings and add -OH groups having the indicated relationships. Perform a 
ring-flip on the structure you have drawn to arrive at the other conformation. 

Solution: 




myo-Inositol more stable 
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4.50 





There are eight cis-trans stereoisomers of myo-inositol. The first isomer is the most stable 
because all hydroxyl groups can assume an equatorial conformation. 



4.51 




Conformation A of ds-l-chloro- 3 -methylcyclohexane has no 1,3-diaxial interactions and 
is the more stable conformation. Steric strain in B is due to one CH 3 -H interaction (3.8 
kJ/mol), one Cl-H interaction (1.0 kJ/mol) and one CH 3 -CI interaction. Since the total- 
strain energy of B is 15.5 kJ/mol, 15.5 kJ/mol - 3.8 kJ/mol - 1.0 kJ/mol = 10.7 kJ/mol of 
strain is caused by a CH 3 -CI interaction. 
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If you build a model of 1-norbomene, you will find that it is almost impossible to form the 
bridgehead double bond, sp -Hybridization at the double bond requires all carbons bonded 
to the starred carbons to lie in a common plane in order for the p orbitals to overlap to form 
the 7i bond.The bicyclic ring system forces these atoms out of plane, and the bridgehead 
double bond can’t form. 

4.53 A steroid ring system is fused, and ring-flips don’t occur. Thus, substituents such as the 
methyl groups shown remain axial. Substituents on the same side of the ring system as the 
methyl groups are in alternating axial and equatorial positions. Thus, an "up” substituent at 
C3 (a) is equatorial. 

Substituents on the bottom side of the ring system also alternate axial and equatorial 
positions. A substituent at Cl (b) is axial, and one at Cl 1 ( c) is equatorial 




4.54 

NH 2 



Amantadine 
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4.55 Draw the four possible isomers of 4-rert-butylcyclohexane- 1,3-diol. Make models of these 
isomers also. The bulky ten - butyl group determines the stable conformation because of its 
strong preference for the equatorial position. 



(CH 3 ) 3 C 




(CH 3 ) 3 C 



^^T 0H 

HO 



OH 



(CH 3 ) 3 C 




HO 2 



(CH 3 ) 3 C 



OH 



Only when the two hydroxyl groups are cis diaxial (structure 1) can the acetal ring form. 

In any other conformation, the oxygen atoms are too far apart to be incorporated into a six- 
membered ring. 



ch 3 



(CH 3 ) 3 C 




4.56 



H 




C(CH 3 ) 3 



All four conformations of the two isomers are illustrated. The second conformation of each 
pair has a high degree of steric strain, and thus each isomer adopts the first conformation. 
Since only the cis isomer has the hydroxyl group in the necessary axial position, it oxidizes 
faster than the trans isomer. 
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Chapter Outline 

I. Organic Reactions (Sections 5.1 - 5.6). 

A. Kinds of organic reactions (Section 5.1). 

1 . Addition reactions occur when two reactants add to form one product, with no 
atoms left over. 

2. Elimination reactions occur when a single reactant splits into two products. 

3 . Substitution reactions occur when two reactants exchange parts to yield two new 
products. 

4 . Rearrangement reactions occur when a single product undergoes a rearrangement of 
bonds to yield an isomeric product. 

B. Reaction mechanisms - general information (Section 5.2). 

1 . A reaction mechanism describes the bonds broken and formed in a chemical 
reaction, and accounts for all reactants and products. 

2 . Bond breaking and formation in chemical reactions. 

a. Bond breaking is symmetrical if one electron remains with each fragment. 

b. Bond breaking is unsymmetrical if both electrons remain with one fragment and 
the other fragment has a vacant orbital. 

c . Bond formation is symmetrical if one electron in a covalent bond comes from 
each reactant. 

d . Bond formation is unsymmetrical if both electrons in a covalent bond come 
from one reactant. 

3. Types of reactions. 

a. Radical reactions involve symmetrical bond breaking and bond formation. 

b . Polar reactions involve unsymmetrical bond breaking and bond formation. 

c . Pericyclic reactions will be studied later. 

C. Radical reactions (Section 5.3). 

1 . Radicals are highly reactive because they contain an atom with an unpaired electron. 

2. A substitution reaction occurs when a radical abstracts an electron from another 
molecule. 

3 . An addition reaction occurs when a radical adds to a double bond. 

4 . Steps in a radical reaction. 

a. The initiation step produces radicals by the symmetrical cleavage of a bond. 

b . The propagation steps occur when a radical abstracts an atom to produce a 
new radical and a stable molecule. 

This sequence of steps is a chain reaction. 

c . A termination step occurs when two radicals combine. 

5 . In radical reactions, all bonds are broken and formed by reactions of species with 
odd numbers of electrons. 

D. Polar reactions (Sections 5.4 - 5.6). 

1 . Characteristics of polar reactions (Section 5.4). 

a. Polar reactions occur as a result of positive and negative charges within 
molecules. 

b. These charge differences are usually due to electronegativity differences 
between atoms. 

i . Differences may also be due to interactions of functional groups with 
solvents, as well as with Lewis acids or bases. 

ii. Some bonds in which one atom is polarizable may also behave as polar 
bonds. 
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c. In polar reactions, electron-rich sites in one molecule react with electron-poor 
sites in another molecule. 

d. The movement of an electron pair in a polar reaction is shown by a curved 
arrow. 

e. The reacting species: 

i . A nucleophile is a compound with an electron-rich atom. 

ii. An electrophile is a compound with an electron-poor atom. 

iii. Some compounds can behave as both nucleophiles and as electrophiles 

f . Many polar reactions can be explained in terms of acid-base reactions. 

2. An example of a polar reaction: addition of HBr to ethylene (Section 5.5). 

a. This reaction is known as an electrophilic addition. 

b. The n electrons in ethylene behave as a nucleophile. 

c. The reaction begins by the attack of the n electrons on the electrophile H*. 

d. The resulting intermediate carbocation reacts with Br~ to form bromoethane. 

3 . Rules for using curved arrows in polar reaction mechanisms (Section 5.6). 

a. Electrons must move from a nucleophilic source to an electrophilic sink. 

b . The nucleophile can be either negatively charged or neutral. 

c . The electrophile can be either positively charged or neutral. 

d. The octet rule must be followed. 

II. Describing a reaction (Sections 5.7 - 5.10). 

A. Equilibria, rates, and energy changes (Section 5.7). 

1 . All chemical reactions are equilibria that can be expressed by an equilibrium 
constant K tq that shows the ratio of products to reactants. 

a. If K e q > 1, [products] > [reactants]. 

b. If K eq < 1, [reactants] > [products]. 

2. For a reaction to proceed as written, the energy of the products must be lower than 
the energy of the reactants. 

a. The energy change that occurs during a reaction is described by A G°, the Gibbs 
free-energy change. 

b. Favorable reactions have negative AG° and are exergonic. 

c . Unfavorable reactions have positive AG° and are endergonic. 

d. AG° = -RT In K tq . 

3 . aG° is composed of two terms - A H°, and A S°, which is temperature-dependent. 

a. A H° is a measure of the change in total bonding energy during a reaction. 

i . If A H° is negative, a reaction is exothermic. 

ii. If A H° is positive, a reaction is endothermic. 

b. A S° (entropy) is a measure of the freedom of motion of a reaction. 

i . A reaction that produces two product molecules from one reactant molecule 
has positive entropy. 

ii. A reaction that produces one product molecule from two reactant molecules 
has negative entropy. 

c. /iG 0 = tfi° -TAS°. 

4. None of these expressions predict the rate of a reaction. 

B. Bond dissociation energies (Section 5.8). 

1 . The bond dissociation energy ( D ) measures the heat needed to break a bond. 

2. Each bond has a characteristic strength. 

3 . In exothermic reactions, the bonds formed are stronger than the bonds broken. 
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C. Energy diagrams and transition states (Section 5.9). 

1 . Reaction energy diagrams show the energy changes that occur during a reaction. 

The vertical axis represents energy changes, and the horizontal axis represents 
the progress of a reaction. 

2. The transition state is the highest-energy species in this reaction. 

It is possible for a reaction to have more than one transition state. 

3 . The difference in energy between the reactants and the transition state is the energy 
of activation AG*. 

Values of AG* range from 40- 150 kJ/mol. 

4. After reaching the transition state, a molecule can go on to form products or can 
revert to starting material. 

5 . Every reaction has its own energy profile. 

D. Intermediates (Section 5.10). 

1 . In a reaction of at least two steps, an intermediate is the species that lies at the 
energy minimum between two transition states. 

2. Even though an intermediate lies at an energy minimum between two transition 
states, it is a high-energy species and usually can't be isolated. 

3 . Each step of a reaction has its own A G* and A G°, but the total reaction has an 
overall A G°. 

4. Biological reactions take place in several small steps, each of which has a small 
value of AG*. 

III. A Comparison of biological and laboratory reactions (Section 5.11). 

A. Laboratory reactions are carried out in organic solvents; biological reactions occur in 
aqueous medium. 

B . Laboratory reactions take place over a wide variety of temperatures; biological reactions 
take place at the temperature of the organism. 

C. Laboratory reactions are uncatalyzed, or use simple catalysts; biological reactions are 
enzyme-catalyzed. 

D. Laboratory reagents are usually small and simple; biological reactions involve large, 

complex coenzymes. # 

E. Biological reactions have high specificity for substrate, whereas laboratory reactions are 
relatively nonspecific. 



Solutions to Problems 



(a) 

Ch^Br + KOH ► CH3OH + KBr substitution 

(b) 

CH 3 CH2Br ► H 2 C — CH 2 + HBr elimination 

(c) 

H 2 C=CH 2 + H 2 ► CH3CH3 * 






addition 




90 Chapter 5 



5.2 



CH 3 <p« 3 

CH 3 CH 2 CH2CHCH 2 CI + ch 3 ch 2 ch 2 cch 3 + 

Cl 

l-Chloro-2-methylpentane 2-Chloro-2-methylpentane 



?h 3 ch 3 ch 3 

I ci 2 I , l 

CH 3 CH 2 CH 2 CHCH 3 ch 3 ch 2 chchch 3 + ch 3 chch 2 chch 3 

Cl Cl 

2-Methylpentane 3-Chloro-2-methyIpentane 2-Chloro-4-methylpentane 



CHo 

I 3 

cich 2 ch 2 ch 2 chch 3 

l-Chloro-4-methylpentane 

5 . 3 Strategy: The tails of the arrows show the location of the bond to be broken, and the 

heads show where the electrons are moving. In radical reactions, the arrow is a fishhook 
(half-headed). 

Solution: 




H 

The reaction is a radical addition to a double bond and a rearrangement. 
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5.4 Strategy: Keep in mind: 

(1) An electrophile is electron-poor, either because it is positively charged, because it has a 
functional group that is positively polarized, or because it has a vacant orbital. 

(2) A nucleophile is electron-rich, either because it has a negative charge, because it has a 
functional group containing a lone electron pair, or because it has a functional group that is 
negatively polarized. 

(3) Some molecules can act as both nucleophiles and electrophiles, depending on the 
reaction conditions. 



Solution: 



(a) The electron-poor carbon acts as an electrophile. 

(b) CH 3 S - is a nucleophile because of the sulfur lone-pair electrons and because it is 
negatively charged. 

(c) C 4 H 6 N 2 is a nucleophile because of the lone-pair electrons of nitrogen. (Only one of 
the nitrogens is nucleophilic, for reasons that will be explained later.) 

(d) CH 3 CHO is both a nucleophile and an electrophile because of its polar C=0 bond. 



(a ) St- ..8- 

H 3 C — Cl: -< — nucleophilic 

t " 

electrophilic 



(b) 



5f .. _ 
HoC— S: 



8 - 



nucleophilic 



(c) 

nucleophilic 



: n^n-ch 3 

w 



(d) 



:o:- 



nucleophilic 



— electrophilic 
H3C H 



5 . 5 BF 3 is likely to be an electrophile because the electrostatic potential map indicates that it is 
electron-poor (blue). The Lewis structure shows that BF 3 lacks a complete electron octet 
and can accept an electron pair from a nucleophile. 




vacant orbital 
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5 . 6 Strategy: Reaction of cyclohexene with HC1 or HBr is an electrophilic addition reaction 
in which a halogen acid adds to a double bond to produce a haloalkane. 

Solution: 





Br 



Bromocyclohexane 




rv Q 

I [ Chlorocyclohexane 



5.7 



The mechanism is pictured in Figure 5.3. The steps: (1) Attack of the n electrons of the 
double bond on HBr, forming a carbocation; (2) Formation of a C-Br bond by electron 
pair donation from Br - to form the neutral addition product. 



H— Br 



HoC. 



HoC 



^C = C 



, H 
H ' 



(1) 




carbocation 



( 2 ) 



Br 

I 

h 3 c 

HoC 



CHo 



2-Bromo-2-methylpropane 



5 . 8 Strategy: For curved arrow problems, follow these steps: 

( 1 ) Locate the bonding changes. In (a), a bond from nitrogen to chlorine has formed, and a 
Cl— Cl bond has broken. 

(2) Identify the nucleophile and electrophile (in (a), the nucleophile is ammonia and the 
electrophile is one Cl in the CI 2 molecule), and draw a curved arrow whose tail is near the 
nucleophile and whose head is near the electrophile. 

(3) Check to see that all bonding changes are accounted for. In (a), we must draw a second 
arrow to show the heterolytic bond-breaking of CI 2 to form Cl - . 



Solution: 

(a) 



■Cl* 



H— N— H + :ci— Cl: 

■ J :■ 'O 



(b) 



H 

HoC-O: + H— C-rBr: 



I ui . 



:Ci: 

U 

H— N — H + : Cl : 

I 

H 



HoC— O— CHo + : Br : 



A bond has formed between oxygen and the carbon of bromomethane. The bond between 
carbon and bromine has broken. CH 3 O - is the nucleophile and bromomethane is the 
electrophile. 




An Overview of Organic Reactions 



93 



(c) 




H 3 C "K~ 

:ci:^ 



OCH 3 



: 0 : 

II 

h 3 c och 3 



: Cl: 



A double bond has formed between oxygen and carbon, and a carbon-chlorine bond has 
broken. Electrons move from oxygen to form the double bond and from carbon to 
chlorine. 



5.9 



This mechanism will be studied in a later chapter. 




H 2 0 + po 2 

V_c-ch 2 co 2 

o 2 c''i \ 

H H 



+ h 2 o 



5.10 A negative value of A G° indicates that a reaction is favorable. Thus, a reaction with A G° = 
-44 kJ/mol is more favorable than a reaction with A G° = +44 kJ/mol. 

5.11 From the expression A G° = -RT In K eq , we can see that a large is related to a large 
negative A G°. Consequently, a reaction with = 1000 is more exergonic than a reaction 
with K q q = 0.001. 

5.12 A reaction with AG* = 45 kJ/mol is faster than a reaction with AG* = 70 kJ/mol because a 
larger value for AG* indicates a slower reaction. 




Reaction progress 
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Visualizing Chemistry 
5.14 

CH 3 CH 2 CH 2 CH = CH 2 + HBr Br 

or CH3CH2CH2CHCH3 

CH 3 CH 2 CH = CHCH 3 + HBr ^ 



5.15 





5.16 (a) The electrostatic potential map shows that the formaldehyde oxygen is electron-rich, 
and the carbon-oxygen bond is polarized. The carbon atom is thus relatively electron-poor 
and is likely to be electrophilic. 

(b) The sulfur atom is more electron-rich than the other atoms of methanethiol and is likely 
to be nucleophilic. 

5.17 




Reaction progress 



(a) A G° is positive. 

(b) There are two steps in the reaction. 

(c) There are two transition states, as indicated on the diagram. 
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5.18 




(a) The reaction involves four steps, noted above. 

(b) Step 1 is the most exergonic because the energy difference between reactant and 
product (AG°) is greatest. 

(c) Step 2 is slowest because it has the largest value of AG*. 



Additional Problems 



5.19 

(a) 

5+ 8- 
CH 3 CH 2 C=N 

I 

nitrile 



(b) 



cr 



8 - 

5 +^ 0 . 8 + 

I CH 3 

ether 



(c) 

ft— ft— 

ketone q Q ester 

^11 II 
CH3CCH2C-OCH3 
8+ 8f 5- 



(d) 



carbon-carbon 
double 
bonds 




■ ketone 



ketone 



(e) 



8-0 



'f' \ NH 2 



amide 



carbon-carbon 
double bond 



(f) 




8-0 

8+,c aldehyde 
^ H 



aromatic ring 



5.20 (a) The reaction between bromoethane and sodium cyanide is a substitution because two 

reagents exchange parts. 

(b) This reaction is an elimination because two products (cyclohexene and H2O) are 
produced from one reactant 

(c) Two reactants form one product in this addition reaction. 

(d) This is a substitution reaction. 



5.21 A transition state represents a structure occurring at an energy maximum. An intermediate 
occurs at an energy minimum between two transition states. Even though an intermediate 
may be of such high energy that it cannot be isolated, it is still of lower energy than the 
transition states surrounding it. 




96 Chapter 5 



5.22 




Reaction progress - 
A G° is positive because K eq < 1. 

5.23 




A G° is negative because AT eq > 1. 



5.24 Problem 5.23 shows a reaction energy diagram of a two-step exergonic reaction. Step 2 
faster than step 1 because AG *2 < AG*i. 

5.25 




Reaction progress 

A reaction with K eq = 1 has AG° = 0. 
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5.26 (a) The reaction is exothermic because the sign of A//° is negative. 

(b) AG° = AH° - TAS° 

= -44 kJ/mol - (298 K) [-0.12 kJ/(K*mol)] 

= -44 kJ/mol + 36 kJ/mol 
= -8 kJ/mol 

The reaction is favorable because the sign of A G° is negative. 

5.27 Irradiation initiates the chlorination reaction by producing chlorine radicals. For every 
chlorine radical consumed in the propagation steps, a new Cl* radical is formed to carry on 
the reaction. After irradiation stops, chlorine radicals are still present to carry on the 
propagation steps, but, as time goes on, radicals combine in termination reactions that 
remove them from the reaction mixture. Because the number of radicals decreases, fewer 
propagation cycles occur, and the reaction gradually slows down and stops. 

a b c b a 

5.28 Pentane has three types of hydrogen atoms, CH 3 CH 2 CH 2 CH 2 CH 3 . Although 
monochlorination produces CH 3 CH 2 CH 2 CH 2 CH 2 CI, it is not possible to avoid producing 
CH 3 CH 2 CH 2 CH(C 1 )CH 3 and CH 3 CH 2 CH(C 1 )CH 2 CH 3 as well. Since neopentane has 
only one type of hydrogen, monochlorination yields a single product. 



5.29 The following compounds yield single monohalogenation products because each has only 
one kind of hydrogen atom. 




5.30 





98 Chapter 5 



5.31 



(a) 



„ c -ci 

h 3 u / : OCHo 
H 3 C ••• 3 



■ OH 






h 3 c' 



CHo 



+ HpO + :OCHo 



(b) 



Co: 

\ ii 



HO: 



C ^CH 3 
/ \ d 
H H 



HoO + H. 






CHq 



5.32 



(a) 



Km = 



[Products] 



^ [Reactants] 



0.70 

0.30 



= 2.3 



(b) Section 5.9 states that reactions that occur spontaneously have AG* of less than 80 
kJ/mol at room temperature. Since this reaction proceeds slowly at room temperature, AG* 
is probably close to 80 kJ/mol. 



(c) 



Transition intermediate Transition 




5.33 



h 

(jc 





y n 3 

A-H + H + 




5.34 



5.35 



5.36 
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<fH 3 

H a C— C— Cl 



CH 3 



T.S. 1 



<fH 3 



h 3 c 

ch 3 

Intermediate 1 



H 2 o ? h 3 h 

5=^: H 3 C— C-O + 
3 I \ 



T.S. 2 



ch 3 h 

Intermediate 2 



HoO 



T.S. 3 



<fH 3 + H 3 0 + 



H 3 C— C— O— H 
CH 3 + Cl 



(a) A G* for the first step is approximately 80 kJ/mol because the reaction takes place 
slowly at room temperature. AG* values for the second and third steps are smaller - 
perhaps 60 kJ/mol for Step 2, and 40 kJ/mol for Step 3. AG° is approximately zero. 

(b) 




? Ha . 



HoC— C— Ci: : 

I O 



h 3 c-c 
+ :ci: 



H^o^H 

f H 3 C-C-q^ 

ch 3 h 3 c 



<fH 3 

HoC— C — O — H 

3 I 
ch 3 

+ h 3 0 + 



AG° = A H°- TAS° 

= -75 kJ/mol - (298 K) (0.054 kJ/K-mol) 
= -75 kJ/mol - 16 kJ/mol 
= -91 kJ/mol 



The reaction is exothermic because A H° is negative, and it is exergonic because AG° is 
negative.. 




100 Chapter 5 



5.37 Each arrow represents either the formation of a bond or the breaking of a bond. The 
numbers over the arrows identify the bonds broken and formed. 






H 3 C Cl 

Acetyl chloride 

: 0 : 



: nh 3 Step 1 



c "/ c : , 



H 3 C "a''NHo 



4TV 

h 3 c nh 2 



+ :cir 



" NH 3 step 3 



:o: 



Step 2 



H 3 C nh 2 
Acetamide 



nh 4 + cr 



Bonds formed 



Bonds broken 



Step 1: C-N(l) 

Step 2: C-O(l) 

Step 3: N-H(l) 



C-O (2) 
C-Cl (2) 
N-H (2) 



5.38 






a-Terpineol 




An Overview of Organic Reactions 



101 



5.39 



(a) 





CHo 



+ CO2 




5.40 

CH 3 

I 3 

CH 3 C = CH 2 + HBr 
2-Methylpropene 



<fH 3 <JH 3 

CH 3 CCH 2 Br , + CH 3 CCH 3 
H Br 



l-Bromo-2-methyI- 2-Bromo-2-methyl- 
propane propane 



5.41 

ch 3 

CH 3 C=CH 2 + HBr 



fH 3 

CHoC — CH 2 + 

3 | + 2 
H 



<fH 3 

ch 3 c— ch 3 



The second carbocation is more stable because more alkyl substituents are bonded to the 
positively charged carbon. 




Review Unit 2: Alkanes and Their Stereochemistry: 
Organic Reactions 



Major Topics Covered (with Vocabulary): 

Functional Groups. 

Alkanes: 

saturated aliphatic straight-chain alkane branched-chain alkane isomer constitutional isomer 
alkyl group primary, secondary, tertiary, quaternary carbon IUPAC system of nomenclature 
primary, secondary, tertiary hydrogen paraffin cycloalkane cis-trans isomer stereoisomer 

Alkane Stereochemistry: 

conformer sawhorse representation Newman projection staggered conformation 
eclipsed conformation torsional strain dihedral angle anti conformation gauche conformation 
steric strain angle strain heat of combustion chair conformation axial group equatorial group 
ring-flip 1, 3 -diaxial interaction conformational analysis boat conformation twist-boat 
conformation polycyclic molecules bicycloalkane 

Organic Reactions: 

add tion reaction elimination reaction substitution reaction rearrangement reaction 
reaction mechanism homolytic heterolytic homogenic heterogenic radical reaction 
polar reaction initiation propagation termination electronegativity polarizability 
curved arrow electrophile nucleophile carbocation 

Describing a Reaction: 

K e q A G° exergonic endergonic enthalpy entropy heat of reaction exothermic endothermic 
bond dissociation energy reaction energy diagram transition state activation energy 
reaction intermediate 



Types of Problems: 

After studying these chapters, you should be able to: 

- Identify functional groups, and draw molecules containing a given functional group. 

- Draw all isomers of a given molecular formula. 

- Name and draw alkanes and alkyl groups. 

- Identify carbons and hydrogens as being primary, secondary or tertiary. 

- Draw energy vs. angle of rotation graphs for single bond conformations. 

- Draw Newman projections of bond conformations and predict their relative stability. 

- Understand the geometry of, and predict the stability of, cycloalkanes having fewer than 6 
carbons. 

- Draw and name substituted cyclohexanes, indicating cis/trans geometry. 

- Predict the stability of substituted cyclohexanes by estimating steric interactions. 

- Identify reactions as polar, radical, substitution, elimination, addition, or rearrangement 
reactions. 

- Understand the mechanism of radical reactions. 
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- Identify reagents as electrophiles or nucleophiles. 

- Use curved arrows to draw reaction mechanisms. 

- Understand the concepts of equilibrium and rate. 

- Calculate K Qq and AG° of reactions, and use bond dissociation energies to calculate A H° of 
reactions. 

- Draw reaction energy diagrams and label them properly. 



Points to Remember: 

* In identifying the functional groups in a compound, some groups have different designations 
that depend on the number and importance of other groups in the molecule. For example, a 
compound containing an -OH group and few other groups is probably named as an alcohol, 
but when several other groups are present , the -OH group is referred to as a hydroxyl group. 
There is a priority list of functional groups in the Appendix of the textbook, and this priority 
order will become more apparent as you progress through the text. 

* It is surprising how many errors can be made in naming compounds as simple as alkanes. 

Why is this? Often the problem is a result of just not paying attention. It is very easy to 
undercount or overcount the -CH 2 - groups in a chain and to misnumber substituents. Let's 
work through a problem, using the rules in Section 3.4. 

CH 3 ch 2 ch 3 
ch 3 cch 2 chch 2 ch 3 
ch 3 

Find the longest chain. In the above compound, the longest chain is a hexane (Try all 
possibilities; there are two different six-carbon chains in the compound.) Identify the 
substituents. The compound has two methyl groups and an ethyl group. It's a good idea to list 
these groups to keep track of them. Number the chain and the groups. Try both possible sets 
of numbers, and see which results in the lower combination of numbers. The compound might 
be named either as a 2,2,4-trisubstituted hexane or a 3,5,5-trisubstituted hexane, but the first 
name has a lower combination of numbers. Name the compound, remembering the prefix di- 
and remembering to list substituents in alphabetical order. The correct name for the above 
compound is 4-ethyl-2,2-dimethylhexane. 

The acronym FINN (from the first letters of each step listed above) may be helpful. 

* When performing a ring-flip on a cyclohexane ring, keep track of the positions on the ring. 



X 




* In virtually all cases, a compound is of lower energy than the free elements of which it is 
composed. Thus, energy is released when a compound is formed from its component 
elements, and energy is required when bonds are broken. Entropy decreases when a 
compound is formed from its component elements (because disorder decreases). For two 
compounds of similar structure, less energy is required to break all bonds of the higher energy 
compound than is required to break all bonds of the lower energy compound. 
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Self-test 



CH 3 CH(CH 3 ) 2 
CH 3 CHCH 2 CH2CCH 2 CHCH 2 CH3 
A CH 3 CH 2 CH 3 



CHo CHo 

I 3 ,3 

CH 3 CHCH 2 CH 2 CH 2 CHNHCH(CH 3 ) 2 

B 

Metron S (an antihistamine) 



Name A, and identify carbons as primary, secondary, tertiary or quaternary. 

B is an amine with two alkyl substituents. Name these groups and identify alkyl hydrogens as 
primary, secondary or tertiary. 



ch 3 ch 3 o 
=< chcoch 3 




^ ^ X CCH 2 OCH 3 

ch 3 o 



Metalaxyl (a fungicide) 




Identify all functional groups of C (metalaxyl). 

Name D and indicate the cis/trans relationship of the substituents. Draw both possible chair 
conformations, and calculate the energy difference between them. 



0 

II 

/C v + h 2 0 
h 3 c ch 3 

E 



HO OH 
\ / 

/C v, 

h 3 c ch 3 



What type of reaction is occurring in E? Would you expect that the reaction occurs by a polar 
or a radical mechanism? If A'eq for the reaction at 298 K is 10~ 3 , what sign do you expect for A G°? 
Would you expect A 5° to be negative or positive? What about A H°1 



Multiple Choice 

1 . Which of the following functional groups doesn’t contain a carbonyl group? 

(a) aldehyde (b) ester (c) ether (d) ketone 

2. Which of the following compounds contains primary, secondary, tertiary and quaternary 
carbons? 

(a) 2,2,4-Trimethylhexane (b) Ethylcyclohexane (c) 2-Methyl-4-ethylcyclohexane 
(d) 2,2-Dimethylcyclohexane 



3 . 



How many isomers of the formula C^HgB^ are there? 
(a) 4 (b) 6 (c) 8 (d) 9 
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4. The lowest energy conformation of 2-methylbutane occurs: 

(a) when all methyl groups are anti (b) when all methyl groups are gauche 

(c) when two methyl groups are anti (d) when two methyl groups are eclipsed 

5 . The strain in a cyclopentane ring is due to: 

(a) angle strain (b) torsional strain (c) steric stain (d) angle strain and torsional strain 

6 . In which molecule do the substituents in the more stable conformation have a diequatorial 
relationship? 

(a) cis- 1 ,2 disubstituted (b) cis- 1 ,3 disubstituted (c) trans- 1 ,3-disubstituted 

(d) cis- 1,4 disubstituted 

7 . Which of the following molecules is not a nucleophile? 

(a)BH 3 (b)NH 3 (c) HO - (d) H 2 C=CH 2 

8 . Which of the following reactions probably has the greatest entropy increase? 

(a) addition reaction (b) elimination reaction (c) substitution reaction (d) rearrangement 

9. At a specific temperature T , a reaction has negative A S° and K eq > 1. What can you say about 
AG° and a/7°? 

(a) A G° is negative and A H° is positive (b) A G° and A H° are both positive (c) A G° and A H° 
are both negative (d) A G° is negative but you can't predict the sign of A H°. 

10. In which of the following situations is A G* likely to be smallest? 

(a) a slow exergonic reaction (b) a fast exergonic reaction (c) a fast endergonic reaction 
(d) a slow endergonic reaction 




Chapter 6 - Alkenes: Structure and Reactivity 



Chapter Outline 

I. Introduction to alkene chemistry (Sections 6.1 - 6.7). 

A. Industrial preparation and use of alkenes (Section 6.1). 

1 . Ethylene and propylene are the two most important organic chemicals produced 
industrially. 

2. Ethylene, propylene and butene are synthesized by thermal cracking. 

a. Thermal cracking involves homolytic breaking of C-H and C-C bonds. 

b . Thermal cracking reactions are dominated by entropy. 

B . Calculating a molecule's degree of unsaturation (Section 6.2). 

1 . The degree of unsaturation of a molecule describes the number of multiple bonds 
and/or rings a molecule has. 

2. To calculate degree of unsaturation of a compound, first determine the equivalent 
hydrocarbon formula of the compound. 

a. Add the number of halogens to the number of hydrogens. 

b . Subtract one hydrogen for every nitrogen. 

c. Ignore the number of oxygens. 

3 . Calculate the number of pairs of hydrogens that would be present in an alkane 
C„H 2 n + 2 that has the same number of carbons as the equivalent hydrocarbon of the 
compound of interest. The difference is the degree of unsaturation. 

C. Naming alkenes (Section 6.3). 

1 . Find the longest chain containing the double bond, and name it. 

2 . Number the carbon atoms in the chain, beginning at the end nearer the double bond. 

3 . Number the substituents and write the name. 

a. Name the substituents alphabetically. 

b . Indicate the position of the double bond. 

c. Use the suffixes -diene, -triene, etc. if more than one double bond is present. 

4 . A newer IUPAC naming system places the number locant of the double bond 
immediately before the -ene suffix (not used in this book). 

5 . For cycloalkenes, the double bond is between Cl and C2, and substituents receive 
the lowest possible numbers. 

D. Double bond geometry (Sections 6.4 - 6.5). 

1 . Electronic structure of alkenes (Section 6.4). 

a. Carbon atoms in a double bond are ^-hybridized. 

b . The two carbons in a double bond form one a bond and one n bond. 

c. Free rotation doesn't occur around double bonds. 

d. 350 kJ/mol of energy is required to break a n bond. 

2 . Cis-trans isomerism. 

a. A disubstituted alkene can have substituents either on the same side of the 
double bond (cis) or on opposite sides (trans). 

b . These isomers don't interconvert because free rotation about a double bond isn't 
possible. 

c. Cis-trans isomerism doesn't occur if one carbon in the double bond is bonded 
to identical substituents. 

3 . E,Z isomerism (Section 6.5). 

a. The E,Z system is used to describe the arrangement of substituents around a 
double bond that can't be described by the cis-trans system. 
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b . Sequence rules for E, Z isomers : 

i. For each double bond carbon, rank its substituents by atomic number. 

An atom with a high atomic number receives a higher priority than an 
atom with a lower atomic number. 

ii. If a decision can't be reached, look at the second or third atom until a 
difference is found. 

iii. Multiple-bonded atoms are equivalent to the same number of single-bonded 
atoms. 

E. Stability of alkenes (Section 6.6). 

1 . Cis alkenes are less stable than trans alkenes because of steric strain between double 
bond substituents. 

2 . Stabilities of alkenes can be determined experimentally by measuring: 

a. Cis-trans equilibrium constants. 

b . Heats of hydrogenation - the most useful method. 

3 . The heat of hydrogenation of a cis isomer is a larger negative number than the heat 
of hydrogenation of a trans isomer. 

This indicates that a cis isomer is of higher energy and is less stable than a trans 
isomer. 

4. Alkene double bonds become more stable with increasing substitution for two 
reasons: 

a. Hyperconjugation - a stabilizing interaction between the antibonding n orbital 
and a filled C-H o orbital on an adjacent substituent. 

b. More substituted double bonds have more of the stronger sp 2 -sp 3 bonds. 

II. Electrophilic addition reactions (Sections 6.7 - 6. 1 1). 

A. Addition of H-X to alkenes (Sections 6.7 - 6.8). 

1 . Mechanism of addition (Section 6.7). 

a. The electrons of the nucleophilic n bond attack the electrophile H-X (X = Cl, 

Br, I). 

b. Two electrons from the n bond form a new a bond between -H and an alkene 
carbon. 

c. The carbocation intermediate reacts with X - to form a C-X bond. 

2. An energy diagram has two peaks separated by a valley (carbocation intermediate). 

a. The reaction is exergonic. 

b . The first step is slower than the second step. 

(3. Organic reactions are often written in different ways to emphasize different points.) 
4. Orientation of addition: Markovnikov's rule (Section 6.8). 

a. In the addition of HX to a double bond, H attaches to the carbon with fewer 
substituents, and X attaches to the carbon with more substituents. 

b . If the carbons have the same number of substituents, a mixture of products 
results. 

B . Carbocation structure and stability (Section 6.9). 

1 . Carbocations are planar; the unoccupied p orbital extends above and below the 
plane. 

2 . The stability of carbocations increases with increasing substitution. 

a. Carbocation stability can be measured by studying gas-phase dissociation 
enthalpies. 

b . Carbocations can be stabilized by inductive effects of neighboring alkyl groups. 

c. Carbocation can be stabilized by hyperconjugation: The more alkyl groups on 
the carbocation, the more opportunities there are for hyperconjugation. 
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C. The Hammond postulate (Section 6.10). 

1 . The transition state for an endergonic reaction step resembles the product of that 
step. 

2. The transition state for an exergonic reaction step resembles the reactant for that 
step. 

3 . In an electrophilic addition reaction, the transition state for alkene protonation 
resembles the carbocation intermediate. 

4. More stable carbocations form faster because their transition states are also 
stabilized. 

D. Carbocation rearrangements (Section 6.11). 

1 . In some electrophilic addition reactions, products from carbocation rearrangements 
are formed. 

2. The appearance of these products supports the two-step electrophilic addition 
mechanism, in which an intermediate carbocation is formed. 

3 . Intermediate carbocations can rearrange to more stable carbocations by either a 
hydride shift or by an alkyl shift. 

4. In both cases a group moves to an adjacent positively charged carbon, taking its 
bonding electron pair with it. 



Solutions to Problems 



6 . 1 Strategy: Because two hydrogens must be removed from a saturated compound to 

introduce an unsaturation, a compound's degree of unsaturation refers to the number of 
pairs of hydrogens by which its formula differs from that of the corresponding saturated 
compound. For example, a saturated alkane with four carbons has the formula C 4 H 10 . The 
compound in (a), C 4 H 8 , which has two fewer (or one pair fewer) hydrogens, may have a 
double bond or a ring. QH 14 thus has a degree of unsaturation of 1 . 



Degree of 



Compound 
(a) C 4 H 3 


Unsaturation 

1 


CH 3 CH = CHCH 3 

□ 


Structures 
CH 3 CH 2 CH = CH 2 

CH 3 


CM 

X 

0 

II 

0 

CM 

CO 

X 

O 


(b) C 4 H 6 


2 


CH 2 = CHCH = CH 2 


CM 

X 

0 

II 

0 

II 

X 

0 

co 

X 

O 


ch 3 c=cch 3 






ch 3 ch 2 c=ch 




□ 






CH 3 


^ CH 3 


[>=CH 2 


(c) C 3 H 4 


2 


H 2 C=C=CH 2 


ch 3 c=ch 


l> 
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6 . 2 Strategy: Unlike the hydrocarbons in the previous problems, the compounds in this 

problem contain additional elements. Review the rules for these elements. 

Solution: 

(a) Subtract one hydrogen for each nitrogen present to find the formula of the equivalent 
hydrocarbon - C6H4. Compared to the alkane C6H14, the compound of formula C6H4 
has 10 fewer hydrogens, or 5 fewer hydrogen pairs, and has a degree of unsaturation 
of 5 . 

(b) C6H5NO2 also has 5 degrees of unsaturation because oxygen doesn't affect the 
equivalent hydrocarbon formula of a compound. 

(c) A halogen atom is equivalent to a hydrogen atom in calculating the equivalent 
hydrocarbon formula. For C8H9CI3, the equivalent hydrocarbon formula is CsH^, 
and the degree of unsaturation is 3 . 

(d) CgHigB^ - one degree of unsaturation. 

(e) C10H12N2O3- 6 degrees of unsaturation. 

(f) C20H32CIN - 5 degrees of unsaturation. 



6.3 



6.4 



A Ci6 hydrocarbon with 1 1 degrees of unsaturation (three rings and eight double bonds) 
has a formula C16H34- H22 = C16H12. Adding two hydrogens (because of the two 
nitrogens) and subtracting one hydrogen (because of the chlorine), gives the formula 
C16H13CIN2O for Diazepam. 




Diazepam 



Strategy: ( 1 ) Find the longest chain containing the double bond and name it. In (a), the 
longest chain is a p^ntene. 

( 2 ) Identify the substituents. There are three methyl groups in (a). 

( 3 ) Number the substituents, remembering that the double bond receives the lowest 
possible number. The methyl groups are attached to C 3 and C 4 (two methyl groups). 

( 4 ) Name the compound, remembering to use the prefix "tri-" before "methyl" and 
remembering to use a number to signify the location of the double bond. The name of the 
compound in (a) is 3 , 4 , 4 -trimethyl-l-pentene. 

Solution: 



k ' ch 3 ch 3 

I 3 I 3 

H 2 C=CHCH — CCH 3 
1 23 41 5 

CH 3 

3,4,4-Trimethyl- 1-pentene 

ch 3 ch 3 

CH 3 CH = CHCHCH = CHCHCH 3 



(b) ch 3 

I 3 

ch 3 ch 2 ch=cch 2 ch 3 



3-Methyl-3-hexene 
^ ch 3 chch 2 ch 3 

ch 3 ch 2 ch 2 ch = chchch 2 ch 3 



4,7-Dimethyl-2,5-octadiene 



6-Ethyl-7-methyl-4-nonene 
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6 . 5 Strategy: It's much easier to draw a structure from a given name than it is to name a 

structure. First, draw the carbon chain, placing the double bond or bonds in the designated 
locations. Then attach the cited groups in the proper positions. 



Solution: 

M ch 3 

I 3 

h 2 c= chch 2 ch 2 c = ch 2 

2-Methyl-l,5-hexadiene 



(b) 



CH 2 CH 3 



CH 3 CH 2 CH 2 CH = CC(CH 3 ) 3 

3-Ethyl-2,2-dimethyl-3-heptene 



(c) 



ch 3 ch 3 

CH 3 CH = CHCH = CHC — C = CH 2 
CH 3 



(d) 



2,3,3-Trimethyl- 1, 4, 6-octatriene 

3,4-Diisopropyl-2,5-dimethyl-3-hexene 



CH 3 CH 3 

ch 3 ch / chch 3 

/ c_c \ 

ch 3 ch chch 3 

I 

ch 3 ch 3 



6.6 

(a) 





(c) 




CH(CH 3 ) 2 



1,2-Dimethyl- 

cyclohexene 



4,4-Dimethyl- 

cycloheptene 



3-Isopropyl- 

cyclopentene 



6 . 7 Compounds (c), (e), and (f) can exist as cis-trans isomers. 

cis trans 



(c) CH 3 CH 2 CH=CHCH 3 



(e) CICH = CICH 



H n / H 

C=c x 

ch 3 ch 2 ch 3 



/CH3 

C=C 

ch 3 ch 2 h 



H x / H 
c=c 
/ \ 

Cl Cl 




Cl 

/ 

c 

\ 

H 



H H 

\ / 
c=c 
/ \ 
Br Cl 



H Cl 

\ / 

C=C 
/ \ 

Br H 



(f) BrCH = CHCI 
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h 3 c ch 3 

CHoCHCH CH 3 

d \ / 6 
C = C 
/ \ 

H H 



(b) 



H CHoCHo 
\ / * 6 
h 3 C p=C^ 

CH 3 CHCH 2 H 



c*s-4,5-Dimethyl-2-hexene frans-6-Methyl-3-heptene 



6 . 9 Strategy: Review the sequence rules presented in Section 6.5. A summary: 

Rule 1 : An atom with a higher atomic number has priority over an atom with a lower atomic 
number. 

Rule 2: If a decision can't be reached by using Rule 1, look at the second, third, or fourth 
atom away from the double-bond carbon until a decision can be made. 

Rule 3: Multiple-bonded atoms are equivalent to the same number of single-bonded atoms. 

Solution: 



High 


Low 


Rule 


High 


Low 


Rule 


(a) -Br 


-H 


1 


(b) -Br 


-Cl 


1 


(c) -CH 2 CH 3 


-CH 3 


2 


(d) -OH 


-nh 2 


1 


(e) -CH 2 OH 


-ch 3 


2 


(0 -CH=0 


-ch 2 oh 


3 


6.10 Highest priority ■ 




> Lowest Priority 







(a) -Cl, -OH, -CH 3 , -H 

(b) -CH 2 OH, -CH=CH 2 , -CH 2 CH 3 , -CH 3 

(c) -C0 2 H, -CH 2 OH, -C=N, -ch 2 nh 2 

(d) -CH 2 OCH 3 , -C=N, -C^CH, -ch 2 ch 3 



6.11 



(a) 



Low H 3 C^ ^Ch^OH Low 

/C =c ' 

High CH 3 CH 2 Cl High 



Z 



First, consider the substituents on the right side of the double bond. -Cl ranks higher than 
-CH 2 OH by Rule 1 of the Cahn-Ingold-Prelog rules. On the left side of the double bond, 
-CH 2 CH 3 ranks higher than -CH 3 



High Cl^ / CH 2 CH 3 Low 

C=C E 

/ \ 

Low CH 3 0 CH 2 CH 2 CH 3 



High 




112 Chapter 6 



High h 3 C \^ 


— ^ / C0 2 H High 

C=C 


Low 


^ CH 2 OH Low 



Notice that the upper substituent on the left side of the double bond is of higher priority 
because of the methyl group attached to the ring. 



(d) 



Low H CN High 

C=C 
/ \ 

High H 3 C CH 2 NH 2 Low 



6.12 



High C0 2 CH 3 High 






Low ( CH 2 OH Low 



6.13 



More stable 

(a) 

H CH 3 

\ / 6 

C=C 
/ \ 

H CH 3 

2-Methylpropene 

disubstituted double bond 

(b) 

H CH 2 CH 2 CH 3 

C = C E 
/ \ 

H 3 C H 



Less stable 

H CHoCHo 

\ / ^ 6 

C = C 
/ \ 

H H 

1-Butene 

monosubstituted double bond 

H H 

\ / 

c=c z 

/ \ 

h 3 c ch 2 ch 2 ch 3 



trans- 2-Hexene 



cis-2-Hexene 



no steric strain 




steric strain of groups on the 
same side of the double bond 




1-Methylcyclohexene 3-Methylcyclohexene 

trisubstituted double bond disubstituted double bond 
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6.14 Strategy: All of these reactions are electrophilic additions of HX to an alkene. Use 
Markovnikov's rule to predict orientation. 



Solution: 

(a) 




H 




H 



Chlorocyclohexane 



(b) 



(CH 3 ) 2 C = CHCH 2 CH 3 + HBr 



Br 

I 

— ► (CH 3 ) 2 CCH 2 CH 2 CH 3 

2-Bromo-2-methylpentane 



In accordance with Markovnikov's rule, H forms a bond to the carbon with fewer 
substituents, and Br forms a bond to the carbon with more substituents. 



(c) 



ch 3 

I 

ch 3 chch 2 ch=ch 2 



h 2 o 

h 2 so 4 



CHo OH 

i i 

ch 3 chch 2 chch 3 




1-Bromo-l-methylcyclohexane 

6.15 Strategy: Think backward in choosing the alkene starting material for synthesis of the 
desired haloalkanes. Remember that halogen is bonded to one end of the double bond and 
that more than one starting material can give rise to the desired product. 

Solution: 
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(C) 



CH 3 CH 2 CH = CHCH 2 CH 3 + HBr 
3-Hexene 



Br 

I 

ch 3 ch 2 ch 2 chch 2 ch 3 




6.16 The more stable carbocation is formed 



(a) 



CH 3 ch 3 



CH 3 CH 2 C=CHCHCH 3 + HBr 



CH 3 ch 3 

ch 3 ch 2 cch 2 chch 3 

carbocation intermediate 



CHo CHo 
,3,3 

ch 3 ch 2 cch 2 chch 3 

Br 



(b) 

r v=chch 3 ki » 

L^/ h 3 po 4 




ch 2 ch 3 



carbocation intermediate 



o: 



ch 2 ch 3 



6.17 Two representations of the secondary carbocation are shown on the left below. This 

secondary carbocation can experience hyperconjugative overlap with two hydrogens under 
normal circumstances. However, in the alignment shown in the drawing, only one 
hydrogen (circled) is in the correct position for hyperconjugative overlap with the 
carbocation carbon. 

Because there is rotation about the carbon-carbon bonds, all of the hydrogens starred in the 
representation on the far right can be involved in hyperconjugation at some time. 



HoC 



CHCHCH 3 



HoC 



H 3 C »h ' 

3 \ + y-' 

H j i'H 

h 3 c H 



h 3 c h 

3 \ + / 
A^-C-CH— C x * 
H j i'H 

h 3 c H 
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6.18 The second step in the electrophilic addition of HC1 to an alkene is exergonic. According to 
the Hammond postulate, the transition state should resemble the carbocation intermediate. 




6.19 




electrophilic addition hydride reaction of 

to double bond shift carbocation 



with Br~ 



Visualizing Chemistry 
6.20 




2,4,5-Trimethyl-2-hexene l-Ethyl-3,3-dimethylcyclohexene 

6.21 




H 
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6.22 




chch 3 



HCI 





CH 2 CH 3 



C*‘ 



Cl 

ch 2 ch 3 



Either of the two compounds shown can form the illustrated tertiary carbocation when they 
react with HCI. In the conformation shown, the three circled hydrogens are aligned for 
maximum overlap with the vacant p orbital. Because of conformational mobility, the three 
starred hydrogens are also able to be involved in hyperconjugation. 




Additional Problems 



6.23 The purpose of this problem is to give you experience in calculating the number of double 
bonds and/or rings in a formula. Additionally, you will learn to draw structures containing 
various functional groups. Remember that any formula that satisfies the rules of valency is 
acceptable. Try to identify functional groups in the structures that you draw. 

(a) CiqHi 6 - 3 degrees of unsaturation. Examples: 




CTO 



CH 3 CH 2 CH = CHCH = CHCH — CHCH 2 CH 3 
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(b) CgHgO. The equivalent hydrocarbon is CgHg, which has 5 degrees of unsaturation. 




ketone 



double 

bonds 



ketone // 

CO 




aldehyde 



(c) C7H10CI2 has C7H12 as its equivalent hydrocarbon formula. C7H10CI2 has two 
degrees of unsaturation. 



halide — ► Cl 
I 

CH 3 CH 2 CHCHCH 2 C = CH 



triple 

bond 

* 



‘I 

Cl 



halide 



double bonds 

H x / ? Hs \ / H 
C=CHCCH=C 
/ I \ 
Cl ^ CH 3 C\ 
^ halides^ 



double bond 
. Cl / 

si 1. 



hahdeX^cH;, 



double bond 

J .CH, 



^ halide 

H 3 C Cl^ hahde Cl' Cl 




halide 




halides 



(d) C10H16O2 - 3 degrees of unsaturation. 
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6.24 



(e) C5H9NO2 - 2 degrees of unsaturation. 



ketone amide 

\8 8 / 

CH 3 CH 2 CCH 2 CNH2 



double bond 



nitro 



1 <jj / § rou p 

h 2 c=chch 2 ch 2 ch 2 n— cr 



double bond carboxylic 

1 8 /““ 

h 2 c=chch 2 nhch 2 coh ho 

amine alcohol 





(f) CgHioCINO - 4 degrees of unsaturation. 



double bonds amide double bonds 

\ s' \ \ U \ 

C=CHCH =CHCH =CHCH 2 CNH 2 x 

Cl — halide amine — ► N 




H 



aromatic q H 
ring Y 3 


halide Cl 


double 


n 

/ 

N amine 


amine double (\ 


— ^Xbond 


V 

ketone-*’ / . 




Til 

V 1 


| bond (1 

CH 2 NH 2 amine 


~~ ^ ketone 


£ 


-Y 


alcohol Cl 


halide H 2 N 


0 


halide 


—►Cl 



Compound 


Equivalent hydrocarbon 
formula 


Degree of 
unsaturation 


Complete 

formula 


(a) C 8 H ? 0 2 


c 8 h 18 


3 


C 8 Hi202 


(b) C7H7N 


c 7 h 16 


2 


C7H13N 


(c) C9H7NO 


C9H20 


4 


C9H13NO 
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6.25 Solve this problem in the same way as we solved problems 6.3 and 6 . 24 . A C22 

hydrocarbon with 12 degrees of unsaturation (four rings and eight double bonds) has a 
formula C22H46- H24 = C 2 2H 2 2- Adding two hydrogens (because of the two nitrogens) 
and subtracting one hydrogen (because of the chlorine), gives the formula C22H23CIN2O2 
for loratadine. 



6.26 




(E)-4-Methyl-2-hexene 



(Z)-4-Ethyl-3,7- 

dimethyl-2-octene 



(c) 



ch 2 ch 3 
h 2 c=cch 2 ch 3 



2-Ethyl-l-butene 



(d) 



HoC=CHCHCH 
^ I 



H, CH 3 
CH3 q — 

H 



ch 3 



(e) 



h 3 c 

/ c = 

CH 3 CH 2 CH 2 



H H 

\ / 
c=c 
/ \ 
c ch 3 

ch 3 



(0 



h 2 c=c=chch 3 



(5E)-3,4-Dimethyl- 

1,5-heptadiene 



(2Z,4£')-4,5-Dimethyl- 1,2-Butadiene 
2,4-octadiene 



6.27 Because the longest carbon chain contains 8 carbons and 3 double bonds, ocimene is an 
octatriene . Start numbering at the end that will give the lower number to the first double 
bond ( 1 , 3,6 is lower than 2 , 5 , 7 ). Number the methyl substituents and, finally, name the 
compound. 



(3E)-3,7-Dimethyl-l,3,6-octatriene 
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(3E,6Zs)-3, 7, 11-Trimethyl- 1,3, 6, 10-dodecatetraene 



CHo 
I 3 

H CH 2 C = CH 2 

C=C 
/ \ 

h 3 c ch 3 



H n , H 

c= c x 

CH 3 CH 2 CHC(CH 3 ) 2 CH = ch 2 



h 3 c ch 3 ch 2 ch 2 ch 3 

(4E)-2,4-Dimethyl-l,4-hexadiene cis-3,3-Dimethyl-4-propyl-l,5-octadiene 



CH 3 
I 3 

ch 3 chch=c=ch 2 



' H H H 

I I I 

h -o* c -h H CHs 



4-MethyI-l,2-pentadiene 



CH 3 CH 2 CH 2 CH 2 h 



ch 3 ch 2 ch 2 ch 2 ch 3 

3-Butyl-2-heptene 



(3E,5Z)-2,6-Dimethyl-l,3,5,7-octatetraene 

(f) 

(CH 3 ) 3 C^ h 

C=C 

H C(CH 3 ) 3 

tran s *2, 2, 5,5 -Tetramethy 1-3 -hexene 



Menthene 



ch 3 ch 2 ch 2 ch=ch 2 



ch 3 ch 2 ch 3 

, c=c v 

H H 



ch 3 ch 2 h 

; c = c ; 



(Z)-2-Pentene 



(Z?)-2-Pentene 



ch 3 ch h 

> =C x 

H H 



H 3 C ch 3 

c=c 
/ \ 
h 3 c h 



2-Methyl-l-butene 



3-Methyl- 1-butene 



2-Methyl-2-butene 
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6.32 

CH3CH2CH2CH2CH = CH 2 



1-Hexene 



ch 3 ch 2 ch 2 ch 3 

/ c=c x 
H H 

(Z)-2-Hexene 



ch 3 ch 2 ch 2 h 

c=c 

/ \ 

H CH 3 

(£)-2-Hexene 



ch 3 ch 2 ch 2 ch 3 

>=< 

H H 

(Z)-3-Hexene 

CH 3 

I 3 

ch 3 ch 2 ch h 

' C=C ' 

H H 

3-Methyl- 1-pentene 



CH3CH0 H 
J \ 2 / 

/C =C 

H CH 2 CH 3 
(Zs)-3-Hexene 

CHo 

I 3 

CH3CHCH0 H 
d \ * / 

F= c s 

H H 

4-Methyl- 1-pentene 



ch 3 ch 2 ch 2 h 

c=c 
/ \ 
h 3 c h 

2-Methyl-l-pentene 

ch 3 ch 2 ch 3 

/C =C 
H CH 3 

2-Methyl-2-pentene 



ch 3 ch 2 ch 3 

/ c=c \ 

h 3 c h 



CH3CH0 H 
6 \ 2 . / 

P =c \ 

h 3 c ch 3 



ch 3 

I 3 

CH3CH CHo 
d \ / J 

c=c 

H H 



(Z)-3-Methyl-2-pentene (E)-3-Methyl-2-pentene (Z)-4-Methyl-2-pentene 



CHo 

I 3 

CHoCH H 

J \ / 

/ c=c x 
H CH 3 

(E)-4-Methyl-2-pentene 



CH 3 

I 3 

CH 3 CH h 

d \ / 

/C =C 

h 3 c h 

2,3-Dimethyl- 1-butene 



CHo 

I 3 

ch 3 cch 3 h 

>=< 

H H 

3,3-Dimethyl-l-butene 



CH3CH0 H 

d \2 / 

/C =c s 
CH 3 CH 2 h 

2-Ethyl-l-butene 



H 3 C CHo 

d \ / d 

C = C 
/ \ 

h 3 c ch 3 

2, 3-Dimethy 1-2-butene 




122 Chapter 6 

6.33 As expected, the two trans compounds are more stable than their cis counterparts. The 
cis-trans difference is much more pronounced for the tetramethyl compound, however. 
Build a model of c/s-2,2,5,5-tetramethyl-3-hexene and notice the extreme crowding of the 
methyl groups. Steric strain makes the cis isomer much less stable than the trans isomer 
and causes cis Atf°h y drog to have a much larger negative value than trans A//°h yc irog for the 
hexene isomers. 





6.34 A model of cyclohexene shows that a six-membered ring is too small to contain a trans 
double bond without causing severe strain to the ring. A ten-membered ring is flexible 
enough to accommodate either a cis or a trans double bond, although the cis isomer has less 
strain than the trans isomer. 

6.35 Build models of the two cyclooctenes and notice the large amount of torsional strain in 
tmns-cydooctene relative to c/s-cyclooctene. This torsional strain, in addition to angle 
strain, causes the trans isomer to be of higher energy and to have a A//°h y drog larger than the 
A#°h y drog of the cis isomer. 

6.36 Models show that the difference in strain between the two cyclononene isomers is smaller 
than the difference between the two cyclooctene isomers.This reduced strain is due to a 
combination of less angle strain and more puckering to relieve torsional strain and is 
reflected in the fact that the values of kH°h y( kog for the two cyclononene isomers are 
relatively close. Nevertheless, the trans isomer is still more strained than the cis isomer. 

6.37 The central carbon of allene forms two a bonds and two n bonds. The central carbon is sp- 
hybridized, and the carbon-carbon bond angle is 1 80°, indicating linear geometry for the 
carbons of allene. The terminal =CH 2 units are oriented 90° with respect to each other. 




6.38 The heat of hydrogenation for a typical diene is 2 x (A7/°h y drog of an alkene) = -252 kJ/mol. 
Thus, allene, with A//°h y drog = -295 kJ/mol is 43 kJ/mol higher in energy than a typical 
diene and is less stable. 
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6.39 



(a) 



CH 3 
I 3 

CH 3 CH 2 CH = CCH 2 CH 3 



(b) 




ch 2 ch 3 

+ HBr 



H 2 0 

h 2 so 4 



<fH 3 

ch 3 ch 2 ch 2 cch 2 ch 3 

OH 




ch 2 ch 3 

Br 






CH 3 



Two products are formed because the two possible carbocations are of similar stability. 



(d) 



H 2 C=CHCH 2 CH 2 CH 2 CH=CH 2 + 2 HCI 



Cl 

I 



ch 3 chch 2 ch 2 ch 2 chch 3 



6.40 




6.41 Highest priority > Lowest Priority 

(a) -I, -Br, -CH 3 , -H 

(b) -OCH 3 , -OH, -C0 2 H, -H 

(c) -co 2 ch 3 , -co 2 h, -CH 2 OH, -ch 3 

(d) -coch 3 , -ch 2 ch 2 oh, -ch 2 ch 3 , -ch 3 

(e) -CH 2 Br, -ON, -CH 2 NH 2 , -CH=CH 2 

(f) -CH 2 OCH 3 , -CH 2 OH, -ch=ch 2 , ch 2 ch 3 
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6.42 



High 


hoch 2 


CHo 
/ d 


High 


r 

o 

3 


ho 2 c^ 


H Low 

/ 


Low 


c= 

H 3 C 


c 

\ 

H 


Z 

Low 


High 


C 

/ 

Cl 


=C x 2 

OCH 3 High 


High 


NC n 


P h 3 


Low 


(d) 

High H 3 C0 2 C 


CH = CH 2 High 


Low 


c= 

/ 

ch 3 ch 2 


C\ 

CH 2 OH High 


Low 


F 

ho 2 c 


= C \ 7 
CH 2 CH 3 Low 



6.43 




3-Methylcyclohexene 2,3-Dimethylcyclopentene Ethylcyclobutadiene 




1,2-Dimethyl-1,4- 5-Methyl-l,3- 1,5-CycIooctadiene 

cyclohexadiene cyclohexadiene 
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6.45 

(a) 



High 



Low 



(b) 



Low 



High 

(c) High 
Low 



(d) 



High 



Low 




H CH 2 CH = CH 2 

\ / * i 

c=c 

/ \ 

H 3 C CH 2 CH(CH 3 ) 2 

Br CH 2 NH 2 

\ / 2 42 

c=c 

/ \ 

H CH 2 NHCH 3 

NC CHo 
\ / 3 
C = C 
/ \ 

(CH 3 ) 2 NCH 2 ch 2 ch 3 



High 

Z (correct) 

Low 

High 

E (correct) 

Low 

Low 

E (incorrect) 

High 

Low 

E (correct) 

High 



(e) High 
Low 




This compound doesn't show E-Z isomerism. 



(0 



Low 


hoch 2 


/ co 2 h 


High 




c= 

/ 


c 

\ 


E (correct) 


High 


H 3 COCH 2 


COCH3 


Low 



6.46 Treatment of the tert - butyl ester with trifluoroacedc acid cleaves the -OC(CH 3)3 group and 
replaces it with an -OH group, which has a lower priority than the -OCH 3 group on the 
upper carbon and the -OC(CH 3)3 group that was removed. The result is a change in the 
E,Z designation around the double bond without breaking any of the bonds attached to the 
double-bond carbons. 



Low H C — OCH 3 Low 

X c=c / Z cf 3 cooh 

High H 3 C )c-OC(CH 3 ) 3 High 
O 



Low h N C-OCH 3 High 

C=C E 

/ \ 

High H 3 C / C — OH Low 

O 
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6.47 

(a) 



\n + 

ch 3 ch 2 chch 2 



ch 3 ch 2 chch 3 



primary carbocation secondary carbocation 

The primary carbocation rearranges to the more stable secondary carbocation by a hydride 
shift. 



(b) 



Vo 

ch 3 c— chch 3 



ch 3 c- 

3 I 

CHr 



ch 2 ch 3 



ch 3 

secondary carbocation tertiary carbocation 

This hydride shift produces a tertiary carbocation from rearrangement of a secondary 
carbocation. 




primary carbocation tertiary carbocation 
An alkyl shift forms a tertiary carbocation from a primary carbocation. In this example, 
rearrangement involves migration of the electrons from one of the cyclobutane ring bonds. 



6.48 
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6.50 




Attack of the n electrons of the double bond on H + yields the carbocation pictured on the far 
right. A bond shift (alkyl shift) produces the bracketed intermediate, which reacts with Br~ 
to yield l-bromo-2-methylcyclobutane. 

6.51 (a) C 27 H 46 0 5 degrees of unsaturation 

(b) C14H9CI5 8 degrees of unsaturation 

(c) C20H34O5 4 degrees of unsaturation 

(d) C8H10N4O2 6 degrees of unsaturation 

(e) C21H28O5 8 degrees of unsaturation 

(f) C17H23NO3 7 degrees of unsaturation 

6.52 The reaction is exergonic because it is spontaneous. According to the Hammond postulate, 
the transition state should resemble the isobutyl cation. 




Reaction progress 
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6.54 



Transition State #1 Transition State #2 



2-Bromopentane path 



1-Bromopentane path 




r 

o'ijfeo 

C3H7 
H H 

cfo 

C4H9 



The first step (carbocation formation) is endergonic for both reaction paths, and both 
transition states resemble the carbocation intermediates. Transition states for the exergonic 
second step also resemble the carbocation intermediate. Transition state #1 for 1- 
bromopentane is more like the carbocation intermediate than is transition state #1 for 2- 
bromopentane. 

6.55 




Step 2, in which the double bond electrons add to the carbocation, is an alkene electrophilic 
addition. 
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6.56 




epi-Aristolochene 



Steps 1 and 2 are alkene electrophilic additions, and steps 3 and 4 involve carbocation 
rearrangements. 



6.57 Reaction of 1-chloropropane with the Lewis acid AICI 3 forms a carbocation. The less stable 
propyl carbocation undergoes a hydride shift to produce the more stable isopropyl 
carbocation, which reacts with benzene to give isopropylbenzene. 



CH 3 CH 2 CH 2 — Cl + AICI3 
CH3CH — ch 2 



ch 3 ch 2 ch 2 + aici 4 - 
+ 

ch 3 chch 3 



CHo 

I 3 

chch 3 



ch 3 chch 3 + 
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6.58 



(a) 



CH 3 
I 3 

ch 3 ch 2 c=chch 3 



h 2 o 



acid 

catalyst 



<f H 3 

ch 3 ch 2 cch 2 ch 3 

OH 



(b) 



a CH 2 

- H 2 0 




(c) 



ch 3 
I 3 

ch 3 chch 2 ch=ch 2 



h 2 o 



acid 

catalyst 



CH 3 OH 
I 3 I 

ch 3 chch 2 chch 3 



6.59 

H 3 C CHo 
3 1 I 3 

ch 3 ch— c=ch 2 



2,3-Dimethyl- 1-butene 



< r H3 ( f H3 KOH H3< r ? H3 

CH 3 CH-C-CH 3 CH QH - CH 3 C=C-CH 3 

Br 

2- Bromo-2,3- 2,3-Dimethyl-2-butene 

dimethylbutane 



The product, 2,3-dimethyl-2-butene, is formed by elimination of HBr from 2-bromo-2,3- 
dimethylbutane. The product has the more substituted double bond. 




Chapter 7 - Alkenes: Reactions and Synthesis 



Chapter Outline 



I. Preparation of alkenes (Section 7.1). 

A. Dehydrohalogenation. 

Reaction of an alkyl halide with a strong base forms an alkene, with loss of HX. 

B . Dehydration. 

Treatment of an alcohol with a strong acid forms an alkene, with loss of H 2 O. 

II. Addition reactions of alkenes (Sections 7.2 - 7.6). 

A. Addition of halogens (Section 7.2). 

1 . Br 2 and CI 2 react with alkenes to yield 1,2-dihaloalkanes. 

2. Reaction occurs with anti stereochemistry ; both bromines come from opposite 
sides of the molecule. 

3 . The reaction intermediate is a cyclic bromonium intermediate that is formed in a 
single step by interaction of an alkene with Br + . 

B . Addition of hypohalous acids (Section 7.3). 

1 . Alkenes add HO-X (X = Br or Cl), forming halohydrins, when they react with 
halogens in the presence of H 2 O. 

2. The added nucleophile (H 2 O) intercepts the bromonium ion to yield a bromohydrin. 

3 . Bromohydrin formation is usually achieved by NBS in aqueous DMSO. 

4. Aromatic rings are inert to halohydrin reagents. 

C. Addition of water to alkenes (Sections 7.4). 

1. Hydration. 

a. Water adds to alkenes to yield alcohols in the presence of a strong acid catalyst. 

b. Although this reaction is important industrially, reaction conditions are too 
severe for most molecules. 

2. Oxymercuration. 

a. Addition of Hg(OAc) 2 , followed by NaBtL*, converts an alkene to an alcohol. 

b . The mechanism of addition proceeds through a mercurinium ion. 

c. The reaction follows Markovnikov regiochemistry. 

D. Addition of water to alkenes: hydroboration/oxidation (Section 7.5). 

1 . BH 3 adds to an alkene to produce an organoborane. 

Three molecules of alkene add to BH 3 to produce a trialky lborane. 

2. Treatment of the tri alky lborane with H 2 O 2 forms 3 molecules of an alcohol. 

3 . Addition occurs with syn stereochemistry. 

4. Addition occurs with non-Markovnikov regiochemistry. 

Hydroboration is complementary to oxymercuration/reduction. 

5 . The mechanism of hydroboration involves a four-center, cyclic transition state. 

a. This transition state explains syn addition. 

b. Stabilization of the transition state by a substituted double-bond carbon also 
explains non-Markovnikov regiochemistry. 

E. Addition of carbenes (Section 7.6). 

1 . A carbene (R 2 C:) adds to an alkene to give a cyclopropane. 

2. The reaction occurs in a single step, without intermediates. 

3 . Treatment of HCCI 3 with KOH forms dichlorocarbene. 

Addition of dichlorocarbene to a double bond is stereospecific, and only cis- 
dichlorocyclopropanes are formed. 

4. The Simmons-Smith reaction (CH 2 I 2 , Zn-Cu) produces a nonhalogenated 
cyclopropane via a carbenoid reagent. 
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III. Reduction and oxidation of alkenes (Sections 7.7 - 7.9). 

A. Reduction of alkenes (Section 7.7). 

1 . Catalytic hydrogenation reduces alkenes to saturated hydrocarbons. 

2. The catalysts used are Pt and Pd. 

Catalytic hydrogenation is a heterogeneous process that takes place on the 
surface of the catalyst, 

3. Hydrogenation occurs with syn stereochemistry. 

The reaction is sensitive to the steric environment around the double bond. 

4. Alkenes are much more reactive than other functional groups. 

B. Oxidation of alkenes (Sections 7.8 - 7.9). 

1 . Epoxidation (Section 7.8). 

a. Epoxides can be prepared by reaction of an alkene with a peroxyacid RCO 3 H. 

The reaction occurs in one step with syn stereochemistry. 

b. Epoxides are formed when halohydrins are treated with base. 

c. Acid-catalyzed reaction of an epoxide ring with water yields a 1 ,2-diol. 

i . Ring opening takes place by back-side attack of a nucleophile on the 
protonated epoxide ring. 

ii. A trans- 1 ,2-diol is formed from an epoxycycloalkane. 

2. Hydroxylation 

a. OSO 4 causes the addition of two -OH groups to an alkene to form a diol. 

Hydroxylation occurs through a cyclic osmate. 

b . A safer reaction uses a catalytic amount of OSO 4 and the oxidant NMO. 

c. The reaction occurs with syn stereochemistry. 

2. Cleavage to carbonyl compounds (Section 7.9). 

a. O 3 causes cleavage of an alkene to produce aldehyde and/or ketone fragments. 
The reaction proceeds through a cyclic molozonide, which rearranges to an 
ozonide that is reduced by Zn. 

b. KMnC >4 cleaves alkenes to yield ketones, carboxylic acids or CO 2 . 

c. Diols can be cleaved with HIO 4 to produce carbonyl compounds. 

IV. Alkene polymers (Section 7.10). 

Many types of polymers can be formed by radical polymerization of alkene monomers. 

1 . There are 3 steps in a polymerization reaction. 

a. Initiation involves homolytic cleavage of a weak bond to form a radical 

The radical adds to an alkene to generate an alkyl radical. 

b. The alkyl radical adds to another alkene molecule ( propagation ) to yield a 
second radical. 

This step is repeated many, many times. 

c. Termination occurs when two radical fragments combine. 

2. Mechanisms of radical reactions are shown by using fishhook arrows. 

3 . As in electrophilic addition reactions, the more stable radical (more substituted) is 
formed in preference to the less stable radical. 

V. Biological additions of radicals to alkenes (Section 7.11). 

Biochemical radical reactions are more controlled than laboratory radical reactions. 
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Solutions to Problems 



7.1 



<f H 3 

CH 3 CH 2 CCH 3 



KOH 



’I 

Br 



CHo 

I 3 

ch 3 ch=cch 3 



ch 3 

I 3 

CH 3 CH 2 C=CH 2 



ch 3 ch 2 oh 

Dehydrobromination may occur in either of two directions to yield a mixture of products. 



7.2 



OH 

I H 2 S 0 4 

CH 3 CH 2 CH 2 CCH 2 CH 3 j^ Q » 

CH 3 



ch 3 ch 2 ch 2 ch 3 
>=< ~ 



CH 3 CH 2 OH3 

>=< 



H CH 3 H CH 2 CH 3 

(Z)-3-Methyl-3-hexene (E)-3-Methy 1-3-hexene 



CH 3 CH 2 CH 2 ^3 



HoC 



C=C 
/ \ 



ch 3 ch 2 ch 2 h 
/ C=C x 



H 



h 3 c 



CHo 



(Z)-3-Methyl-2-hexene (£)-3-Methyl-2-hexene 

ch 3 ch 2 ch 2 h 

>=< 

ch 3 ch 2 h 

2-Ethyl-l-pentene 



Five alkene products, including E, Z isomers, might be obtained by dehydration of 3- 
methyl-3-hexanol. 




dimethylcyclohexene 



The chlorines are trans to one another in the product, as are the methyl groups. 
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7.4 



H 3 C 



h 3 c ch 3 

Addition of hydrogen halides involves formation of an open carbocation, not a cyclic 
halonium ion intermediate. The carbocation, which is sp -hybridized and planar, can be 
attacked by chloride from either top or bottom, yielding products in which the two methyl 
groups can be either cis or trans to each other. 

7.5 

NBS 

V / h 2 o/dmso 

HO H 

-Br and -OH are trans in the product. 






7 . 6 Reaction of the alkene with Br 2 (formed from NBS) produces a cyclic bromonium ion. 

When this bromonium ion is opened by water, a partial positive charge develops at the 
carbon whose bond to bromine is being cleaved. 



Br 

»-#■ 



HoC* 



H 3 C* 



CHp 






Br:- 






5+ 



k CHo 



HoO: 



7.7 



H 2 o: 
less favorable 

Since a secondary carbon can stabilize this charge better than a primary carbon, opening of 
the bromonium ion occurs at the secondary carbon to yield the Markovnikov product. 

Keep in mind that oxymercuration is equivalent to Markovnikov addition of H 2 0 to an 
alkene. 



(a) 



(b) 



ch 3 ch 2 ch 2 ch=ch 2 

ch 3 

I 3 

ch 3 ch 2 ch=cch 3 



1 . Hg(OAc) 2 , H 2 Q 

2. NaBH 4 

1 . Hg(OAc) 2 , H 2 Q 

2. NaBH 4 



OH 

I 

CH 3 CH 2 CH 2 CHCH 3 



<j>H 3 

CH 3 CH 2 CH 2 CCH 3 

OH 
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(b) 



CH 3 

I 

ch 3 c=chch 3 



1 . bh 3 , thf 

2. H 2 0 2 ,"0H 



ch 3 

I 

ch 3 chchch 3 

OH 



This product can also result from oxymercuration of the starting material in (a). 



(c) 




1 . bh 3 , thf 

2. H 2 0 2 , “OH 




CH 2 OH 



7.11 The drawings below show the transition states resulting from addition of BH3 to the 
double bond of the cycloalkene. Addition can occur on either side of the double bond. 




Reaction of the two neutral alkylborane adducts with hydrogen peroxide gives two alcohol 
isomers. In one isomer, the two methyl groups have a cis relationship, and in the other 
isomer they have a trans relationship. 
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7.12 Strategy: Reaction of a double bond with chloroform under basic conditions gives a 
product with a cyclopropane ring in which one of the carbons has two chlorine atoms 
bonded to it. Reaction of a double bond with CH 2 I 2 yields a product with a cyclopropane 
ring that has a -CH 2 - group. 



Solution: 

(a) 

O CH 2 + CHCI3 



KOH 




CCI 2 
I 2 
CH 2 



(b) ch 3 

I Zn(Cu) 

CH 3 CHCH 2 CH = CHCH 3 + CH 2 I 2 



CH 3 y CH 2 
ch 3 chch 2 ch— chch 3 



Depending on the stereochemistry of the double bond of the alkene in (b), two different 
isomers can be formed. 

7.13 Catalytic hydrogenation produces alkanes from alkenes. 

(a) CH 3 ch 3 

ch 3 c=chch 2 ch 3 Pd/Cin H 9 2 thanor ch 3 chch 2 ch 2 ch 3 

2-Methyl-2-pentene 2-Methylpentane 

(b) 

CH 3 

ch 3 

3,3-DimethylcycIopentene 1,1-Dimethylcyclopentane 

7.14 Epoxidation using m-chloroperoxybenzoic acid (RCO 3 H) is a syn addition of oxygen to a 
double bond. The original bond stereochemistry is retained. 





H. ,H 

;c=c; 

H 3 C r > CH 3 
cis-2-Butene 



rco 3 h 



cis 



H'j C'H 

H 3 C ch 3 

2,3-Epoxybutane 



In the epoxide product, as in the alkene starting material, the methyl groups are cis. 
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7.15 Strategy: Reaction of an alkene with a catalytic amount of OsC> 4 , in the presence of N- 
morpholine N-oxide (NMO), yields a diol product. To pick a starting material for these 
products, choose an alkene that has a double bond between the diol carbons. 



Solution: 

(a) 

CH 3 
catalytic 

0s0 4 

1-Methylcyclohexene 

(b) 

OH OH 

0s0 4 I I 

CH 3 CH 2 CH = C(CH 3 ) 2 nmq 4 > ch 3 ch 2 ch— cch 3 
2-Methyl-2-pentene qh 3 





HO OH 

0s0 4 I I 

CH 2 =CHCH = CH 2 ~ nmq 4 ► HOCH 2 CHCHCH 2 OH 

1,3-Butadiene 



7.16 Strategy: Both sets of reactants cleave double bonds. Aqueous KMn0 4 produces a 
carboxylic acid from a double bond carbon that is monosubstituted and a ketone from a 
double bond carbon that is disubstituted. Ozone produces an aldehyde from a double bond 
carbon that is monosubstituted and a ketone from a double bond carbon that is 
disubstituted. If the double bond is part of a ring, both carbonyl groups occur in the same 
product molecule. 




O 
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7.17 Strategy: Orient the fragments so that the oxygens point toward each other. Remove the 
oxygens, and draw a double bond between the remaining carbons. 

Solution: 

^ 1 ■ o 3 

(CH 3 ) 2 C = CH 2 — ^ » (CH 3 ) 2 c = o + o=ch 2 

(b) 

1. Oo 

CH 3 CH 2 CH = CHCH 2 CH 3 — - "n h 3 0 + CH 3 CH 2 CH = 0 + 0=CHCH 2 CH 3 

7.18 Strategy: Find the smallest repeating unit in each polymer. This is the monomer unit. 



Monomer 

(a) 

H 2 C=CHOCH 3 

(b) 

CIHC=CHCI 



Polymer 

OCH 3 OCH 3 OCHo 

I 3 ,3 ,3 

CH 2 — CH — CH 2 — CH — CH 2 — CH 



/ Cl Cl Cl Cl Cl Cl \ 

f I I I I I I 1 

CH — CH — CH — CH — CH — CH —f 



7.19 



One radical abstracts a hydrogen atom from a second radical, and the remaining two 
electrons create a double bond. 




-|-ch 2 — ch 2 



-|-ch 2 — ch 3 



Visualizing Chemistry 
7.20 

(a) 



rco 3 h 



CH 3 CHo 

1 3 I 

ch 3 c— chch 2 chch 2 ch 3 

o 



ch 3 ch 3 




H 3 C 


ch 3 c = chch 2 chch 2 ch 3 


KMn0 4 ^ 


* \ 

c 




H 3 0 + 


/ 


2,5-Dimethyl-2-heptene 




h 3 c 






h 3 c 




1. 0 3 


d \ 

■k. / 




2. Zn, CH 3 C0 2 H ' 


\ 

/ 






h 3 c 



OH CH 3 

I I 3 

o=cch 2 chch 2 ch 3 

ch 3 

o=chch 2 chch 2 ch 3 
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(b) 



RC0 3 H 



KMnQ 4 

h 3 o + 

3,3-DimethyIcyclopentene 

1 . 0 3 

2. Zn, CH 3 C0 2 H 





H 



7.21 



(a) 



<fH 3 

ch 3 chcch 2 ch 3 

3 11 2 3 



1 . Hg(OAc) 2 , H 2 0 

2. NaBH 4 



ch 2 

2-Ethyl-3-methyl-l-butene or 



CHo OH 

I 3 I 

ch 3 c— cch 2 ch 3 

H CH 3 



ch 3 
I 3 

ch 3 chc=chch 3 

ch 3 

3,4-DimethyI-2-pentene 



1 , Hg(OAc) 2 , H 2 Q 

2. NaBH 4 



CHo OH 

I 3 I 

CH 3 C — CCH 0 CH 0 
3| | 2 3 

H CH 3 



Only oxymercuration/reduction can be used to produce an alcohol that has -OH bonded to 
the more substituted carbon. A third alkene, 2,3-dimethyl-2-pentene, gives a mixture of 
tertiary alcohols when treated with either BH 3 or Hg(OAc) 2 - 



(b) 



or 



4,4-Dimethylcyclopentene 




1 . bh 3 , thf 

2 . H 2 0 2 , “OH ** 

1. Hg(OAc) 2 , H 2 Q 

2. NaBH 4 




Both hydroboration/oxidation and oxymercuration yield the same alcohol product from the 
symmetrical alkene starting material. 
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7.22 




Two possible alcohols might be formed by hydroboration/oxidation of the alkene shown. 
One product results from addition of BH3 to the top face of the double bond (not formed), 
and the other product results from addition to the bottom face of the double bond (formed). 
Addition from the top face does not occur because a methyl group on the bridge of the 
bicyclic ring system blocks approach of the borane. 

7.23 




4-Methylcyclohexene 



RCO3H = meta-Chloroperoxybenzoic acid 

Since the hydroxyl groups in the diol product have a trans relationship, the product can 
only be formed by epoxide hydrolysis. (Treatment of the alkene with OSO4 yields a 
product in which the two -OH groups have a cis relationship.) 
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Additional Problems 
7.24 






RCO 3 H = mefa-Chloroperoxybenzoic acid 
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7.25 



(a) 



CH 3 

I 3 

CH 3 CH 2 CH2CH2C=CH2 

CH 3 CH 2 CH2CH=C(CH3)2 



CH 3 CH 2 CH=CHCH(CH 3 ) 2 

CH 3 CH=CHCH 2 CH(CH 3 ) 2 



H2C=CHCH 2 CH 2 CH(CH 3 )2 



2-Methyl-l-hexene 
2-Me thy 1-2- hexene 
2-Methyl-3-hexene 
5-Methyl-2-hexene 
5 -Me thy 1-1 -hexene 



H 2 /Pd 



CHo 

I 3 

ch 3 ch 2 ch 2 ch 2 chch 3 

2-Methylhexane 



(b> r 



3,3-Dimethylcyclohexene 



4,4-Dimethylcyclohexene 





1,1 -Dimethylcyclohexane 



CH 3 CH = CHCH 2 CH(CH 3 ) 2 
5-Methy 1-2-hexene 



Br Br 

I I 

CH 3 CH — CHCH 2 CH(CH 3 ) 2 
2,3-Dibromo-5-methylhexane 



(d) 



H 2 C=CHCHCH2CH 2 CH 2 CH 3 

ch 3 

3-Methyl-l-heptene 



HCI 



? 

ch 3 chchch 2 ch 2 ch 2 ch 3 

ch 3 

2-Chloro-3-methylheptane 



(e) 



ch 3 ch 2 ch 2 ch=ch 2 

1-Pentene 



1 . Hg(OAc) 2 , H 2 Q 

2. NaBH 4 



OH 

I 

ch 3 ch 2 ch 2 chch 3 

2-Pentanol 
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7.26 




1 - 0 3 

2. Zn, H 3 0 + 




ch 3 



o 



(b) 




KMnQ 4 

h 3 o + 



C co 2 h 
co 2 h 




7.27 

(a) 




0s0 4 

NMO 




(b) 




1 . Hg(OAc) 2 , H 2 Q 

2. NaBH 4 




OH 



Hydroboration/oxidation is another route to this product. 
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7.29 Recall the mechanism of hydroboration and note that the hydrogen added to the double 
bond comes from borane. The product of hydroboration with BD 3 has deuterium bonded 
to the more substituted carbon; -D and -OH are cis to one another. 

1 . BD 3 , THF 

2. H 2 0 2 , “OH 

H CH 3 

7.30 Because ozonolysis gives only one product, we can assume that the alkene is symmetrical. 



h 3 c 

r' — 


ch 3 

- n 


1 • c>3 


H 3 <\ 

p — n 4 


CH< 
/ ' 

n — n 


O — 

h 3 c 


CO 

X 

1 


2. Zn, H 3 0 + * 


VJ -r 

/ 

h 3 c 


'U — 0 

\ 

CH; 



2,3-Dimethyl-2-butene 

7.31 Remember that alkenes can give ketones, carboxylic acids, and CO 2 on oxidative cleavage 
with KM 1 O 4 in acidic solution. 




HO . D 

V-f 




7.32 (a) Compound A has three degrees of unsaturation. Because compound A contains only 
one double bond, the other two degrees of unsaturation must be rings. 

(b), (c) 




Other compounds containing two fused rings and a shared double bond also yield 
symmetrical diketone products. 
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7.33 Don't get discouraged by the amount of information in this problem. Read slowly and 
interpret the information phrase by phrase. We know the following: 

( 1 ) Hydrocarbon A (C6H12) has one double bond or ring. 

( 2 ) Because A reacts with one equivalent of H2, it has one double bond and no ring. 

( 3 ) Compound A forms a diol (B) when reacted with OSO4. 

( 4 ) When alkenes are oxidized with KMn 0 4 they give either carboxylic acids or ketones, 
depending on the substitution pattern of the double bond. 

(a) A ketone is produced from what was originally a disubstituted carbon in the double 
bond. 

(b) A carboxylic acid is produced from what was originally a monosubstituted carbon 
in the double bond. 

( 5 ) One fragment from KMn04 oxidation is a carboxylic acid, CH3CH2CO2H. 

(a) This fragment was CH3CH2CH= (a monosubstituted double bond) in compound 
A. 

(b) It contains three of the six carbons of compound A. 

(6) (a) The other fragment contains three carbons. 

(b) It forms ketone C on oxidation. 

(c) The only three carbon ketone is acetone, 0=C(CH3)2. 

(d) This fragment was =C(CH3)2 in compound A. 

( 7 ) If we join the fragment in 5 (a) with the one in 6(d), we get: 

CH 3 CH 2 CH=C(CH 3 ) 2 C 6 H l2 
A 

The complete scheme: 



CH 3 
I 3 

ch 3 ch 2 ch=cch 3 

I 

I H 2 /Pd L 

* CH 3 
I 3 

ch 3 ch 2 ch 2 chch 3 



1 . 0s0 4 , pyridine 
2. NaHS0 3 , H 2 0 

KMn0 4 

h 3 o + 



ch 3 

I 3 

CH 3 CH 2 CH — CCHo 

B 1 1 

B OH OH 

1 

CH 3 CH 2 C0 2 H + 0=C(CH 3 ) 2 

c 



7.34 The oxidative cleavage reaction of alkenes with O3, followed by Zn in acid, produces 
aldehyde and ketone functional groups at sites where double bonds used to be. On 
ozonolysis, these two dienes yield only aldehydes because all double bonds are 
monosubstituted. 




1- O3 

2. Zn, H 3 0 + 





H 



H 



Because the other diene is symmetrical, only one di aldehyde, OCHCH 2 CHO, is produced. 
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7.35 Try to solve this problem phrase by phrase. 

(1) CioHi 80 has two double bonds and/or rings. 

(2) CioHigO must be an alcohol because it undergoes reaction with H2SO4 to yield an 
alkene. 

( 3 ) When CioHigO is treated with dilute H2SO4, a mixture of alkenes of the formula 
C10H16 is produced. 

( 4 ) Since the major alkene product B yields only cyclopentanone, C5H8O, on ozonolysis, 
B and A contain two rings. A therefore has no double bonds. 



dilute 

H 2 SO* 



O7O 






0=0 



7.36 



CH 2 

CH2I2 * H - q—q - ' H 

H 3 C < > CH 3 Zn-Cu H 3 C < ^CH 3 
cis-2-Butene c«-l,2-Dimethylcyclopropane 

CH 2 

H 3 C -c=C- H 2 - 2 ^ 3 C '' C — C O' H 

W r > CH 3 Zn-Cu W > CH 3 

trans- 2-Butene trans- 1,2-Dimethylcyclopropane 

The Simmons-Smith reaction occurs with syn stereochemistry. Only cis- 1 , 2 - 
dimethylcyclopropane is produced from c/s-2-butene, and only trans- 1,2- 
dimethylcyclopropane is produced from trans- 2-butene. 



7.37 



(a) 



:I— n=n=n: 



:I— N— n=n: 



(b) 

(FC) =[ 



# of valence ~| V # of bonding electrons 1 |~# nonbonding 

electrons J “ L 2 J _ L electrons _ 



A B 

:I— n=n==n: — ► :I— n— n=n: 

”123 ""23 

+1 —i —i +1 

I — N = N = N I— N — N = N 



Formal Charge 
I Nl N 2 N 3 

AO 0+1-1 

B 0 -1 +1 0 



Formal charge calculations show a partial negative charge on Nl. 
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(c) Addition of IN 3 to the alkene yields a product in which -I is bonded to the primary 
carbon and -N 3 is bonded to the secondary carbon. If addition occurs with Markovnikov 
orientation, I + must be the electrophile, and the reaction must proceed through an iodonium 
ion intermediate. Opening of the iodonium ion gives Markovnikov product for the reasons 
discussed in Problem 7.6. The bond polarity of iodine azide is: 



I-N 3 



-I-N3 



ch 3 ch 2 ch=ch 2 



o 



I + 

7 \ 

ch 3 ch 2 ch — ch 2 






No 

I 3 

• ch 3 ch 2 chch 2 i 



7.38 





10-Bromo-a-chamigrene 




7.39 





O 0 

II II 

2 HCCH 2 CH 2 CH 



Cyclooctane 



1,5-Cyclooctadiene 
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Focus on the stereochemistry of the three-membered ring. Simmons-Smith reaction of 
1,1-diiodoethane with the double bond occurs with syn stereochemistry and can produce 
two isomers. In one of these isomers (A), the methyl group is on the same side of the 
three-membered ring as the cyclohexane ring carbons. In B, the methyl group is on the 
side of the three-membered ring opposite to the cyclohexane ring carbons. 

7.41 (a) Addition of HI occurs with Markovnikov regiochemistry - iodine adds to the more 
substituted carbon. 

(b) Hydroxylation of double bonds produces cis, not trans, diols. 

(c) Ozone reacts with both double bonds of 1,4-cyclohexadiene. 

(d) Because hydroboration is a syn addition, the -H and the -OH added to the double bond 
must be cis to each other. 

7.42 (a) This alcohol can't be synthesized selectively by hydroborati on/oxidation. Consider the 
two possible starting materials. 

^ I.BHo.THF 

CH 3 CH 2 CH 2 CH = CH 2 2 h Q - oh ^ CH 3 CH 2 CH 2 CH 2 CH20H 

1-Pentene yields only the primary alcohol. 



1. BHo, THF 

ch 3 ch 2 ch=chch 3 — 

J ^ d 2. H 2 0 2 , OH 

2-Pentene yields a mixture of alcohols. 



OH 

I 

CH 3 CH 2 CHCH 2 CH 3 



OH 

I 

CH 3 CH 2 CH 2 CHCH 3 



1 . BHo, THF I 

(CH 3 ) 2 C = C(CH 3 ) 2 2 h 2 0 2 "^ 0H * * < CH 3 ) 2 CHC(CH 3 ) 2 

2,3-Dimethyl-2-butene yields the desired alcohol exclusively. 

(c) This alcohol can't be formed cleanly by a hydroboration reaction. The -H and -OH 
added to a double bond must be cis to each other. 



(d) The product shown is not a hydroboration product; hydroboration yields an alcohol in 
which "OH is bonded to the less substituted carbon. 
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7.43 




7.44 

KMn0 4 

CH 3 (CH 2 ) 12 CH = CH(CH 2 ) 7 CH 3 ■■■■■ ; ■■ . 4 » CH 3 (CH 2 ) 12 C0 2 H + CH 3 (CH 2 ) 7 C0 2 H 
h 3 o 

7.45 CgHg has five double bonds and/or rings. One of these double bonds reacts with Hi/Pd. 
Stronger conditions cause the uptake of four equivalents of H 2 . CgHg thus contains four 
double bonds, three of which are in an aromatic ring, and one C=C double bond. A good 
guess for CgHg at this point is: 

a CH— CH 2 
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Reaction of a double bond with KMn0 4 yields cleavage products of the highest possible 
degree of oxidation. In this case, the products are C0 2 + C6H 5 C0 2 H. 





O CH 2 CH 3 



7.46 



H 3 C 0 
3 I II 

H 2 C=C— COCH 3 




ch 3 ch 3 ch 3 
-(ch 2 -c-ch 2 -c-ch 2 -c^ 
co 2 ch 3 co 2 ch 3 co 2 ch 3 



7.47 



many H 2 C=CH 




N-Vinylpyrrolidone 



7.48 



-^CH 2 — CH — CH 2 — CH — CH 2 — CH 

< ^y>° < ^y° 



Poly(vinyl pyrrolidone) 




dH 3 0 — H 

h 3 c 
+ ( 

H 3 C 




. + . f'- a 
ch 3 0- h 

ch 3 c — ch 3 



CHo 



protonation of nucleophilic attack loss of 

double bond of methanol on proton 

carbocation 



HA 

+ 

CH 3 OC(CH 3 ) 3 



The above mechanism is the same as the mechanism shown in Section 7.4 with one 
exception: In this problem, methanol, rather than water, is the nucleophile, and an ether, 
rather than an alcohol, is the observed product. 
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7.49 




7.50 (a) Bromine dissolved in CH 2 CI 2 has a reddish-brown color. When an alkene such as 

cyclopentene is added to the bromine solution, the double bond reacts with bromine, and 
the color disappears. This test distinguishes cyclopentene from cyclopentane, which does 
not react with Br 2 - Alternatively, each compound can be treated with H 2 /Pd. The alkene 
takes up H 2 , and the alkane is unreactive. 

(b) An aromatic compound such as benzene is unreactive to the B^/Ct^C^ reagent and 
can be distinguished from 2-hexene, which decolorizes Br 2 /CH 2 Cl 2 - Also, an aromatic 
compound doesn't take up H 2 under reaction conditions used for hydrogenation of 
alkenes. 



7.51 



? /P 

Cl : Q* 



c? 

Cl— c:" 

I 

Cl 



+ co 2 J 



C: 



cr 



In step 1, carbon dioxide is lost from the trichloroacetate anion. In step 2, elimination of 
chloride anion produces dichlorocarbene. Step 2 is the same for both the above reaction 
and the base-induced elimination of HC1 from chloroform, and both reactions proceed 
through the trichloromethanide anion intermediate. 
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7.52 (a) a-Terpinene, C10H16, has three degrees of unsaturation. 

(b) Hydrogenation removes only two degrees of saturation, producing a hydrocarbon 
CjoH 2 o, that has one ring. a-Terpinene thus has two double bonds and one ring. 




a-Terpinene Glyoxal 6-Methyl-2,5- 

heptanedione 

7.53 Make models of the cis and trans diols. Notice that it is much easier to form a five- 
membered cyclic periodate from the cis diol A than from the trans diol B. The cis periodate 
intermediate is of lower energy than the trans periodate intermediate because of the lack of 
strain in the cis periodate ring. Because any factor that lowers the energy of a transition 
state or intermediate also lowers AG* and increases the rate of reaction, diol cleavage 
should proceed more slowly for trans diols than for cis diols. 

7.54 




methylcyclohexane methylcyclohexane 

In the reaction of 3 -methylcyclohexene with HBr, two intermediate carbocations of 
approximately equal stability are formed. Both react with bromide ion from top and 
bottom faces to give four different products. 
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The most stable cation intermediate from protonation of 3-bromocyclohexene is a cyclic 
bromonium ion, which is attacked by Br“ from the opposite side to yield anti product. 



7.55 




Cyclohexyl 
methyl ether 



+ HOAc 
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The reaction mechanism involves the following steps: 

(1) Addition of Hg(OAc )2 to one of the double bonds to form a cyclic mercurinium ion; 

(2) Reaction of a second double bond with the mercurinium ion to form a six-membered 
ring and a different carbocation; 

(3) A second cyclization forms the other ring and yields another carbocation; 

(4) Removal of -H gives a double bond. 



7.57 




HC— CH 2 



h 2 c 

h 2 c-ch 2 oh 



+ E3r~ 

HC— CH 2 

H 2 C VoH — ► 
2 | I 
h 2 c — ch 2 




HC — CH 2 Br 

H 2 C +0 — H r >- 
I l\i :0H 2 

h 2 c — ch 2 



h 3 o + 

+ 

HC— CH 2 Br 

H 2 C 0 
2 I I 
h 2 c — CH 2 



formation of cyclic nucleophilic attack loss of H + 

bromonium ion of -OH on bromo- 

nium ion 



The above mechanism is the same as that for halohydrin formation, shown in Section 7.3. 
In this case, the nucleophile is the hydroxyl group of 4-penten-l-ol. 
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7.58 Hydroboration of 2-methyl-2-pentene at 1 60°C is reversible. The initial organoborane 

intermediate can eliminate BH3 in either of two ways, yielding either 2-methyl-2-pentene 
or 4-methyl-2-pentene, which in turn can undergo reversible hydroboration to yield either 
4-methyl -2-pentene or 4-methyl- 1-pentene. The effect of these reversible reactions is to 
migrate the double bond along the carbon chain. A final hydroboration then yields the most 
stable (primary) organoborane, which is oxidized to form 4-methyl- 1-pentanol. 




2-Methyl-2-pentene BH 2 4-Methyl-2-pentene 




4-Methyl- 1-pentene 



H 2 0 2 

NaOH, H 2 0 




4-Methyl-l-pentanol 



7.59 



CH 3 

I 3 

ch 3 chch 2 ch 2 c=ch 



(a) 1 equiv Br 2 



(b) 2 equiv H 2 
Pd/C 



(c) 1 equiv HBr 



CH 3 

I 3 

CH 3 CHCH 2 CH 2 Br 

>=< 

Br H 

CH 3 

I 3 

CH 3 CHCH 2 CH 2 CH 2 CH 3 



CH 3 Br 

I 3 I 

ch 3 chch 2 ch 2 c=ch 2 



Addition of one equivalent of HX or X2 to a triple bond occurs with Markovnikov 
regiochemistry to yield a product in which the two added atoms usually have a trans- 
relationship across the double bond. 
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7.60 



H --C - H 

H 3 c" ^CHa 

c/s-2-Butene 



0s0 4 



H '-C=C'" CH 3 

h 3 c' 

trans- 2-Butene 



0s0 4 



\*° 

Os 








o' s o 
\ / 
p 


NMO 


HO 

\ 

p 


OH 

/ 

— 


H "j C C v"H 

h 3 c ch 3 




Wi 

h 3 c 


v'H 

ch 3 


Os 








o' s o 
\ / 


NMO _ 


HO 

\ 


OH 

/ 


H'y C— C C'CH 3 

h 3 c h 




H 3 C 


_C v"ch 3 

H 



Formation of the cyclic osmate, which occurs with syn stereochemistry, retains the cis- 
trans stereochemistry of the double bond because osmate formation is a single-step 
reaction. Oxidation of the osmate does not affect the stereochemistry of the carbon-oxygen 
bond, and the diol produced from ds-2-butene is a stereoisomer of the diol produced from 
trans- 2-butene. We’ll study this type of isomerism in Chapter 9. 
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Chapter Outline 

I. Introduction to alkynes (Section 8.1 - 8.2). 

A. Naming alkynes (Section 8.1). 

The rules for naming alkynes are like the rules for alkenes (Sec. 6.3), with a few 
exceptions. 

a. The suffix -yne is used for an alkyne. 

b. Compounds with both double bonds and triple bonds are enynes. 

c. When there is a choice in numbering, double bonds receive lower numbers than 
triple bonds. 

d. Compounds can also contain alkynyl groups. 

B. Preparation of alkynes (Section 8.2). 

1 . Alkynes can be prepared by elimination reactions of 1,2-dihalides, using a strong 
base. 

2. The dihalides are formed by addition of X 2 to alkenes. 

3 . Vinylic halides give alkynes when treated with a strong base. 

II. Reactions of alkynes (Sections 8.3 - 8.6). 

A. General principles (Section 8.3). 

1 . Alkyne triple bonds result from the overlap of two .^-hybridized carbon atoms. 

One a bond and two n bonds are formed. 

2. The length (120 pm) and strength (835 U/mol) of a-OC- bond make it the 
strongest carbon-carbon bond. 

3 . Alkynes are somewhat less reactive than alkenes in electrophilic addition reactions 

B . Addition of X 2 and HX. 

1 . HX adds to alkynes by an electrophilic addition mechanism. 

a. Addition of two equivalents of HX occurs if the acid is in excess. 

b. Addition occurs with Markovnikov regiochemistry and with trans 
stereochemistry. 

2. X 2 also adds in the same manner, and trans stereochemistry is observed. 

3 . The intermediate in addition reactions is a vinylic carbocation, which forms less 
readily than an alkyl carbocation. 

4. Mechanisms of some alkyne addition reactions are complex. 

C. Hydration reactions of alkynes (Section 8.4). 

1 . Hg(II)-catalyzed additions. 

a. The -OH group adds to the more substituted carbon to give Markovnikov 
product. 

b. The intermediate enol product tautomerizes to a ketone. 

c. The mechanism is similar to that of addition to alkenes, but no NaBH 4 is 
necessary for removal of Hg. 

d. A mixture of products is formed from an internal alkyne, but a terminal alkyne 
yields a methyl ketone. 

2. Hydroboration/oxidation of alkynes. 

a. Hydroboration/oxidation of alkynes gives an intermediate enol product that 
tautomerizes to a carbonyl product. 

i. Hydroboration of a terminal alkyne gives an aldehyde. 

ii. Hydroboration of an internal alkyne gives a ketone. 

b . Hydroboration/ oxidation is complementary to Hg(II)-catalyzed hydration. 

D. Reduction of alkynes (Section 8.5). 

1 . Complete reduction to an alkane occurs when H 2 /Pd is used. 

2. Partial reduction to a cis alkene occurs with H 2 and a Lindlar catalyst. 
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3 . Partial reduction with Li in NH3 produces a trans alkene. 

a. The reaction proceeds through an anion radical — > vinylic radical — > vinylic 
anion. 

b. The more stable trans vinylic anion is formed. 

E. Oxidative cleavage of alkynes (Section 8.6). 

1 . O3 or KMn04 cleave alkyne bonds to produce carboxylic acids or CO2 (terminal 
alkyne). 

2. Oxidative cleavage reactions were formerly used for structure determinations. 

III. Alkyne acidity (Sections 8.7 - 8.8). 

A. Formation of acetylide anions (Section 8.7). 

1 . Terminal alkynes are weakly acidic (p K a = 25). 

2. Very strong bases CNH2) can deprotonate terminal alkynes. 

3 . Acetylide anions are stabilized by the large amount of "s character" of the orbital 
that holds the electron. 

4. Acetylide anions are strongly nucleophilic. 

B. Alkylation of acetylide anions (Section 8.8). 

1 . Acetylide anions can react with haloalkanes to form substitution products. 

a. The nucleophilic acetylide anion attacks the electrophilic carbon of a haloalkane 
to produce a new alkyne. 

b. This reaction is called an alkylation reaction. 

c. Any terminal alkyne can form an alkylation product. 

2. Acetylide alkylations are limited to primary alkyl bromides and iodides. 

Acetylide ions cause dehydrohalogenation reactions with secondary and tertiary 
halides. 

IV. Organic synthesis (Section 8.9). 

A. Reasons for the study of organic synthesis. 

1 . In the pharmaceutical and chemical industries, synthesis produces new molecules, 
or better routes to important molecules. 

2. In academic laboratories, synthesis is done for creative reasons. 

3 . In the classroom, synthesis is a tool for teaching the logic of organic chemistry. 

B. Strategies for organic synthesis. 

1 . Work backward, but - 

2 . Keep the starting material in mind. 



Solutions to Problems 



8 . 1 Strategy: The rules for naming alkynes are almost the same as the rules for naming 

alkenes. The suffix -yne is used, and compounds containing both double bonds and triple 
bonds are -enynes. 

Solution: 



ch 3 ch 3 
ch 3 chc=cchch 3 

2,5-Dimethyl-3-hexyne 



(b) 



CH 3 
I 3 
hc=ccch 3 
I 3 



ch 3 

3,3-Dimethyl- 1-butyne 
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(C) 



ch 3 

CH 3 CH 2 CC = CCH2CH2CH3 

ch 3 

3,3-DimethyI-4-octyne 



(d) 



CH 3 CH 3 
,3 ,3 

ch 3 ch 2 cc=cchch 3 

ch 3 

2,5,5-Trimethyl-3-heptyne 




6-IsopropyIcyclodecyne 



(f) 

CH 3 CH = CHCH = CHC = CCH 3 

2,4-Octadien-6-yne 
(not 4,6-Octadien-2-yne) 



ch 3 ch 2 ch 2 ch 2 c = CH 


ch 3 ch 2 ch 2 c=cch 3 


CH 3 CH 2 C=CCH 2 CH; 


1-Hexyne 


2-Hexyne 


3-Hexyne 


ch 3 


CHo 
1 6 


CO 

X 

O- 


ch 3 ch 2 chc=ch 


ch 3 chch 2 c=ch 


CH 3 CHC = CCH 3 


3-Methyl- 1-pentyne 


4-Methyl- 1-pentyne 


4-Methyl-2-pentyne 



ch 3 

I 3 

ch 3 cc=ch 

ch 3 

3,3-Dimethyl-l-butyne 

8 . 3 Markovnikov addition is observed with alkynes as well as with alkenes. 



(a) 

CH 3 CH 2 CH 2 C = CH + 2 Cl 2 ► CH 3 CH 2 CH2CCI 2 CHCl2 



(b) 




CH + 1 HBr 




CH 3 CH 2 CH 2 CH 2 Br CH 3 CH 2 CH 2 CH 2 H 

CH 3 CH 2 CH 2 CH 2 C = CCH 3 + 1 HBr ► / C=C \ + C=C^ 

H CH 3 Br CH 3 

Two products result from addition to an internal alkyne. 
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8.4 



CH 3 CH 2 CH 2 C = CCH 2 CH 2 CH 3 



HqO 



CH 3 CH 2 CH 2 CH 2 CCH 2 CH 2 CH 3 



HgS0 4 

This symmetrical alkyne yields only one product. 

O CH 3 

II I 3 

CH 3 ch 3 ch 2 ch 2 ch 2 cch 2 chch 3 

l h 3 o + 

ch 3 ch 2 ch 2 c = cch 2 chch 3 — — 



8.5 



M n cn O CH 3 

h 9S0 4 II I 3 

CH 3 CH 2 CH 2 CCH 2 CH 2 CHCH 3 

Two ketone products result from hydration of 2-methyl-4-octyne. 

(a) 



HoO + 

CH 3 CH 2 CH 2 C=CH — ► 

3 2 2 HgS0 4 



(b) 



ch 3 ch 2 c=cch 3 



HqO + 



OH 

I 

ch 3 ch 2 ch 2 c=ch 2 

0 

II 

ch 3 ch 2 cch 2 ch 3 



ch 3 ch 2 ch 2 cch 3 



ch 3 ch 2 ch 2 cch 3 



HgS0 4 

The desired ketone can be prepared only as part of a product mixture. 

8 . 6 Remember that hydroboration yields aldehydes from terminal alkynes and ketones from 
internal alkynes. 



(a) 



/=\ 



Y_^ c= 



= CH 



(b) 



(CH 3 ) 2 CHC = CCH(CH 3 ) 2 



1 . bh 3 , THF 

2 . H 2 0 2 , ~OH 

1 . BH 3 , THF 



2. H 2 0 2 ,"OH 



O 

II 

CH 2 CH 



(CH 3 ) 2 CHCH 2 CCH(CH 3 ) 2 



8.7 
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8 . 8 The correct reducing reagent gives a double bond with the desired geometry. 



(a) 



CH3CH2CH2CH2CH2C = CCH 3 

2-Octyne 



ch 3 ch 2 ch 2 ch 2 ch 2 h 

U/NH3 3 2 2 2 ^2 f 

^ c=c 

/ \ 

H CH 3 

*ra/is-2-Octene 



(b) 



ch 3 ch 2 ch 2 c = cch 2 ch 3 

3-Heptyne 



Hp 



Lindlar 



CH 3 CH 2 CH 2 ch 2 ch 3 

>=< 

H H 

cts-3-Heptene 



(c) 



CH 3 

I 3 

ch 3 ch 2 chc=ch 



/ 



Li/NH 3 



\ h 2 

3-Methyl-l-pentyne Lind|ar 



CH 3 

I 3 

ch 3 ch 2 chch=ch 2 

3-Methyl-l-pentene 



8.9 A base that is strong enough to deprotonate acetone must be the conjugate base of an acid 
weaker than acetone. In this problem, only Na + ~C=CH is a base strong enough to 
deprotonate acetone. 

8.10 Strategy: Remember that the alkyne must be a terminal alkyne and the halide must be 
primary. More than one combination of terminal alkyne and halide may be possible. 



Solution: 



Alkyne 



(a) 



ch 3 ch 2 ch 2 c=ch 

hc=cch 3 



R'X (X=Br or I) 

ch 3 x 

ch 3 ch 2 ch 2 x 



Product 



CH 3 CH 2 CH2C=CCH3 

2-Hexyne 



(b) 



(CH 3 ) 2 CHC = CH 



ch 3 ch 2 x 



(CH 3 )2CHC = CCH 2 CH3 
2-Methyl-3-hexyne 



(c) 




C = CH 



CHoX 




C=CCH 3 



Products (b) and (c) can be synthesized by only one route because only primary halides can 
be used for acetylide alkylations. 
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8.11 The cis double bond can be formed by hydrogenation of an alkyne, which can be 
synthesized by an alkylation reaction of a terminal alkyne. 



CH 3 C=CH 



1 . NaNH 2 , NH 3 

2. CH 3 Br, THF 



CH 3 C = CCH 3 



£ Q Q 

Lindlar / \ 

catalyst H 3 C CH 3 

cis-2-Butene 



8.12 Strategy: The starting material is CH 3 CH 2 CH 2 C=CCH 2 CH 2 CH 3 . Look at the functional 
groups in the target molecule and work backward to 4-octyne. 



(a) To reduce a triple bond to a double bond with cis stereochemistry use H 2 with Lindlar 
catalyst. 



CH 3 CH 2 CH 2 C = CCH 2 CH 2 CH 3 



ch 3 ch 2 ch 2 / ch 2 ch 2 ch 3 

^2 ^ Q Q 

Lindlar / \ 

catalyst H H 

cis-4-Octene 



(b) An aldehyde is the product of double-bond cleavage of an alkene with O 3 . The starting 
material can be either ds-4-octene or trans- 4-octene. 



CH 3 CH 2 CH 2 / ch 2 ch 2 ch 3 

Q — Q 2 * ^3 

t \ 2. Zn, CH 0 CO 0 H 

H H J 2 



// 

CH 3 CH 2 CH 2 C^ 

Butanal *" 



(c) Addition of HBr to cis- 4-octene [part (a)] yields 4-bromooctane. 

CH 3 CH 2 CH 2 / CH 2 CH 2 CH 3 Br 

/ c=c x ► CH 3 CH 2 CH 2 CHCH 2 CH 2 CH 2 CH 3 

H H 4-Bromooctane 

from (a) 

Alternatively, lithium/ammonia reduction of 4-octyne, followed by addition of HBr, 
gives 4-bromooctane. 

(d) Hydration or hydroboration/oxidation of cis- 4-octene [part (a)] yields 4-hydroxyoctane 
(4-octanol). 

1 . Hg(OAc) 2 , H 2 0 

CH 3 CH 2 CH 2 CH 2 CH 2 CH 3 2 . NaBH 4 <j> H 

C=C or CH 3 CH 2 CH 2 CHCH 2 CH 2 CH 2 CH 3 

H H 1 . BH 3 , THF ^ 4-Hydroxyoctane 

2. H 2 0 2 ,"0H 

from (a) 
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(e) Addition of G2 to 4 -octene [part (a)] yields 4 , 5 -dichlorooctane. 



CH 3 CH 2 CH 2 ch 2 ch 2 ch 3 

>=< 

H H 

from (a) 



Cl 2 



Cl Cl 

I I 

ch 3 ch 2 ch 2 chchch 2 ch 2 ch 3 

4,5-DichIorooctane 



(f) KMn04 cleaves 4 -octyne into two four-carbon fragments. 



CH 3 CH 2 CH 2 C = CCH 2 CH 2 CH 3 



KMn0 4 

h 3 o + 



2 CH 3 CH 2 CH 2 C0 2 H 

Butanoic acid 



8.13 The following syntheses are explained in detail in order to illustrate retrosynthetic logic - 
the system of planning syntheses by working backwards. 

(a) Strategy: 

1 . An immediate precursor to CH3CH2CH2CH2CH2CH2CH2CH2CH2CH3 might be 
an alkene or alkyne. Try CgHnOCH, which can be reduced to decane by H 2 /Pd. 

2 . The alkyne CgHnOCH can be formed by alkylation of HOC:”Na + by CgHnBr, 
1-bromooctane. 

3 . HOC: - Na + can be formed by treatment of HOCH with NaNH2, NH3. 

Solution: 



NaNHo . CgH-iyBr H 2 /Pd 

HCEECH — ^ HC=C:-Na + — — ► C 8 H 17 C=CH ► Decane 

nh 3 thf 

C 8 H-| 7 Br = 1 -Bromooctane 



(b) Strategy: 

1 . An immediate precursor to CH 3 CH2CH2CH2C(CH3)3 might be 
HChCCH 2CH2C(CH3)3, which, when hydrogenated, yields 2,2-dimethylhexane. 

2 . HC=CCH2CH2C(CH 3 ) 3 can be formed by alkylation of HC=C: - Na + with 
BrCH 2 CH 2 C(CH3)3. 

Solution: 



NaNHo 

HC=CH HC = C:- Na + 

nh 3 

BrCH 2 CH 2 C(CH 3 ) 3 HC ~^ HC = CCH 2 CH 2 C(CH 3 ) 3 CH 3 CH 2 CH 2 CH 2 C(CH 3 ) 3 

2,2-Dimethylhexane 
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(c) Strategy: 

1 . CH 3 CH 2 CH 2 CH 2 CH 2 CHO can be made by treating CH 3 CH 2 CH 2 CH 2 C=CH with 
borane, followed by H 2 O 2 . 

2 . CH 3 CH 2 CH 2 CH 2 CSCH can be synthesized from CH 3 CH 2 CH 2 CH 2 Br and 
HC=C:“Na + . 



Solution: 



NaNHo 

HC=CH — ^ HC=C:-Na + 



nh 3 

CH 3 CH 2 CH 2 CH2Br 



HC=C:-Na + THF 



1 . BHo, THF I! 

• CH 3 CH 2 CH 2 CH 2 C=CH u ^ CH 3 CH 2 CH 2 CH 2 CH 2 CH 



2. H 2 0 2 , OH 



Hexanal 



(d) Strategy: 

1 . The desired ketone can be formed by mercuric-ion-catalyzed hydration of 1- 
heptyne. 

2. 1-Heptyne can be synthesized by an alkylation of sodium acetylide by 1- 
bromopentane. 



Solution: 



NaNHo 

HC = CH ■■■■,■ ^ HC = C:~Na + 
nh 3 

HC=C:-Na + + CH 3 CH 2 CH 2 CH 2 CH 2 Br 



THF 



CH 3 CH 2 CH 2 CH 2 CH 2 C = CH 



h 2 S0 4. h 2° 

HgS0 4 



ch 3 ch 2 ch 2 ch 2 ch 2 c=ch 

o 

II 

ch 3 ch 2 ch 2 ch 2 ch 2 cch 3 

2-Heptanone 
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(a) The left side and the right side might have double bonds as immediate precursors; the 
right side may result from a Simmons-Smith carbenoid addition to an alkene, and the left 
side may result from hydration of an alkene. Let's start with 3-bromo-l-propene. 



BrCH 2 CH = CH 2 



CHoL 



2 l 2 



Zn(Cu) 



/CH 2 

BrCH 2 CH — CH 2 • 



HC=C:-Na + 



OH 



i /°\ 2 

ch 3 chch 2 ch— ch 2 



1 . Hg(OAc) 2 , H 2 Q 

2. NaBH, 



/CH 2 

hc=cch 2 ch— ch 2 
h 2 

Lindlar 

catalyst ^CH 2 
H 2 C = CHCH 2 CH — CH 2 



(b) The right side can result from Hg-catalyzed addition of H 2 0 to a terminal alkyne. 



HC = C:~Na + 

H 2 C = CHCH 2 CH 2 Br ► H 2 C=CHCH 2 CH 2 C = CH 

h 3 o + 

HgS0 4 o 
II 

h 2 c=chch 2 ch 2 cch 3 



8.17 It's not possible to form a small ring containing a triple bond because the angle strain that 
would result from bending the bonds of an ^-hybridized carbon to form a small ring is too 
great. 

Additional Problems 



8.18 



(a) 

2 



<fH 3 

ch 3 ch 2 c=ccch 3 

ch 3 

,2-Dimethyl-3-hexyne 



(b) 



ch 3 c = cch 2 c = cch 2 ch 3 



2,5-Octadiyne 



ch 3 ch 3 

I 3 ,3 

ch 3 ch=cc=cchch 3 

3,6-DimethyI-2-hepten-4-yne 

(e) 

H 2 C= CHCH = CHC = CH 
l,3-Hexadien-5-yne 



(d) ? h 3 

hc=ccch 2 c=ch 
ch 3 

3,3-Dimethyl-l,5-hexadiyne 

^ ch 2 ch 3 

ch 3 ch 2 chc = cchchch 3 
ch 2 ch 3 ch 3 

3,6-DiethyI-2-methyl-4-octyne 
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8.19 



(a) CH 3 

I 3 

CH3CH2CH2C = ccch 2 ch 3 

ch 3 

3,3-Dimethyl-4-octyne 

(c) ch 3 ch 3 
I 3 I 3 
ch 3 cc=ccch 3 

ch 3 ch 3 



2,2,5,5-Tetramethyl-3-hexyne 



(e) 



(g) 



CH 3 CH = CHCH = CHC = CH 
3,5-Heptadien-l-yne 

ch 3 chch 2 ch 3 

CH 3 CH 2 CH2CH 2 CHC = CH 
3-sec-Butyl-l-heptyne 



® ch 3 

I 3 

CH 3 C = CC = CCHCH 2 CHC = CH 

ch 2 ch 3 

3-Ethyl-5-methyl-l,6,8-decatriyne 

(d) ch 3 

ch 2 c =cch 

HoC CHCH 3 

CH2CH2CH2CH2 
3,4-Dimethylcyclodecyne 

(f) 

ch 3 ci 

I 3 I 

CH 3 CH 2 C = CCH 2 C — CHCH = CH 2 
CH 3 

3-Chloro-4,4-dimethyl-l-nonen-6-yne 

(h) 

C(CH 3 ) 3 ch 3 

ch 3 ch 2 ch 2 chc = cchch 3 

5-^r^-Butyl-2-methyl-3-octyne 



8.20 (a) CH 3 CH=CHC=CC=CCH=CHCH=CHCH=CH 2 . 
l,3,5,ll-Tridecatetraen-7,9-diyne 

Using E-Z notation: (3E,5£,ll£)-l,3,5,ll-Tridecatetraen-7,9-diyne 
The parent alkane of this hydrocarbon is tridecane. 

(b) CH 3 C=CC=CC=CC=CC=CCH=CH 2 . l-Tridecen-3,5,7,9,ll-pentayne 
This hydrocarbon also belongs to the tridecane family. 



8.21 
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8.22 (a) An acyclic alkane with eight carbons has the formula C 8 Hj 8 . C 8 Hio has eight fewer 
hydrogens, or four fewer pairs of hydrogens, than C 8 Hi 8 . Thus, C 8 Hi 0 contains four 
degrees of unsaturation (rings/double bonds/triple bonds). 

(b) Because only one equivalent of H 2 is absorbed over the Lindlar catalyst, one triple 
bond is present. 

(c) Three equivalents of H 2 are absorbed when reduction is done over a palladium catalyst; 
two of them hydrogenate the triple bond already found to be present. Therefore, one 
double bond must also be present. 

(d) CgHio must contain one ring. 

(e) Many structures are possible. 




Y 

h 2 c=chchc=ch 



8.23 

(a) 



CH 3 CH 2 CH 2 CH 2 C = CH 1 ^' V : 



Br 

I 

ch 3 ch 2 ch 2 ch 2 c =ch 2 



(b) 

CH 3 CH 2 CH 2 CH 2 C = CH 1 e ^ 1V 3 



(c) 

ch 3 ch 2 ch 2 ch 2 c=ch 



H 2 ; 

Lindlar 

catalyst 



CH 3 CH 2 CH 2 CH 2 Cl 

>=< 

Cl H 

CH 3 CH 2 CH 2 CH 2 CH = ch 2 



(d) 

ch 3 ch 2 ch 2 ch 2 c=ch 



1. NaNH 2> NH 3 

2. CH 3 Br 



CH 3 CH 2 CH 2 CH 2 C = CCH 3 



(e) 

CH 3 CH 2 CH 2 CH 2 C == CH 



h 2 o, h 2 so 4 

HgS0 4 



CH 3 CH 2 CH 2 CH 2 CCH 3 



(f) 



CH 3 CH 2 CH 2 CH 2 C = CH 



8.24 

(a) 



2 equiv 
HCI 



Cl 

I 

CH 3 CH 2 CH 2 CH 2 CCH 3 

Cl 



H2 



ch 3 ch 2 ch 2 ch 2 ch 2 ch 2 ch 2 ch 3 

w 

H H 



CH 3 (CH 2 ) 3 C = C(CH 2 ) 3 CH 3 



Lindlar 

catalyst 
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(b) 

CH 3 (CH 2 ) 3 C = C(CH 2 ) 3 CH 3 

(C) 

CH 3 (CH 2 ) 3 C = C(CH 2 ) 3 CH 3 

(d) 

CH 3 (CH 2 ) 3 C = C(CH 2 ) 3 CH 3 

(e) 

CH 3 (CH 2 ) 3 C = C(CH 2 ) 3 CH 3 

(0 

CH 3 (CH 2 ) 3 C=C(CH 2 ) 3 CH 3 



Li in NH 3 



ch 3 ch 2 ch 2 ch 2 h 

c=c 

/ \ 

H CH 2 CH 2 CH 2 CH 3 



1 equiv^ 



CH 3 CH 2 CH 2 CH 2 Br 



Br 2 

1. bh 3 , thf 

2. H 2 0 2 , _ Oh" 

h 2 o, h 2 so 4 

HgS0 4 

excess H 2 
Pd/C 



\ / 

C=C 
/ \ 

Br CH 2 CH 2 CH 2 CH 3 



ch 3 ch 2 ch 2 ch 2 ch 2 cch 2 ch 2 ch 2 ch 3 

O 

II 

ch 3 ch 2 ch 2 ch 2 ch 2 cch 2 ch 2 ch 2 ch 3 

CH 3 (CH 2 ) 8 CH 3 



8.25 



(a) 




2 equiv_ 
Br 2 




ch 3 ch 2 ch 2 c=cch 3 


CH 3 CH 2 CH 2 C(Br 2 )C(Br 2 )CH 3 


(b) 






CH 3 CH 2 CH 2 H CHoCHoCHp Br 




ch 3 ch 2 ch 2 c=cch 3 


1 equiv^ 
HBr * 


\ / ° \ ^ f 
+ / c=c n 








Br CH 3 H CH 3 


(c) 


ch 3 ch 2 ch 2 c=cch 3 


excess 


CH 3 CH 2 CH 2 C(Br 2 )CH 2 CH 3 




HBr 






+ CH 3 CH 2 CH 2 CH 2 C(Br 2 )CH 3 


(d) 






ch 3 ch 2 ch 2 h 






Li in NH 3 






ch 3 ch 2 ch 2 c=cch 3 


i. 


II 



/ \ 

H CH 3 



h 2 o, h 2 so 4 II 

CH 3 CH 2 CH 2 C = CCH 3 HqS q — ^ ch 3 ch 2 ch 2 cch 2 ch 3 o 

+ ch 3 ch 2 ch 2 ch 2 cch 3 
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8.26 



0 

II 

RCH 

rch 2 ch 3 



rch=ch 2 

A 



;c-c: 



A 1. Oq 



2. 


Zn, H 3 0 + \ 




h 2 




Pd N 


U/N h 3 / 


or 


H 2 , Lindlar 


A 1 


. RC0 3 H / 



2. H 3 0 + 



A HCI 



A 1 . BH 3 , THF 
/ 2. H 2 0 2l "OH 

r-c=ch 

\ 1 . NaNH 2 , NH^ 
2. CH 3 Br 

H 2 0, h 2 so 4 



8.27 



H0 2 CCH 2 



CH 2 CH 2 CH 2 CH 3 

h 2 

Pd/C 

HoO, H 2 S0 4 
. ch 2 c==cch 3 HgS04 — 

1 KMn0 4 
H 3 0 + 



/ 

ho 2 cch 2 



ch — ch 2 co 2 h + hocch 3 



8.28 



(a) 



ch 3 ch 2 c=ch 



(b) 



ch 3 ch 2 c=ch 



(C) 




C = CH 



h 2 o, h 2 so 4 

HgS0 4 

1 . BH 3 , THF 

2. H 2 0 2 ,~OH*~ 

1. NaNH 2 , NH 3 ^ 

2. CH 3 Br 



HgS0 4 



CH 2 CH 2 CCH 3 



rv 



ch 2 cch 2 ch 3 



ch 3 ch 2 cch 3 

ch 3 ch 2 ch 2 cho 

,c=cch 3 




Cl 

I 

rchch 3 
rch 2 ch 2 oh 
R— c = c — CH 3 

o 

II 

rcch 3 
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8.29 

H Br 




Lindlar 

cis- 5-Decene catalyst 




fra/is-5-Decene 
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8.30 Both KMn0 4 and O 3 oxidation of alkynes yield carboxylic acids; terminal alkynes give 
CO 2 also. In (a), (b), and (c), the observed products can also be formed by KMn0 4 
oxidation of the corresponding alkenes. 




CH 3 (CH 2 )5C0 2 H + C0 2 




H0 2 C(CH 2 ) 8 C0 2 H 



Since only one cleavage product is formed, the parent hydrocarbon must have contained a 
triple bond as part of a ring. 



(d) 



ch 3 

I 3 

CH 3 CH = CCH 2 CH 2 C = CH 



1- O3 

2. Zn, H 3 0 + 



ch 3 cho 



ch 3 cch 2 ch 2 co 2 h +C0 2 



Notice that the products of this ozonolysis contain aldehyde and ketone functional groups, 
as well as a carboxylic acid and C0 2 . The parent hydrocarbon must thus contain a double 
and a triple bond. 



(e) 




1 -0 3 

2. Zn, H 3 0 + 



O O 

II II 

hcch 2 ch 2 ch 2 ch 2 cco 2 h + co 2 



8.31 



(a) 

ch 3 ch 2 ch 2 c=ch 



h 2 , 

Lindlar 

catalyst 



CH 3 CH 2 CH 2 CH = CH 2 



1 - 0 3 

2. Zn, H 3 0 +J 



CH 3 CH 2 CH 2 CHO 

+ 

ch 2 o 



(b) 

(CH 3 ) 2 CHCH 2 C = CH 



1. NaNH 2 , NH 3 

2. CH 3 CH 2 Br 



(CH 3 ) 2 CHCH 2 C = CCH 2 CH 3 



C = 



(CH 3 ) 2 CHCH 2 



Li in NH 3 

ch 2 ch 3 

C 



H 
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8.32 Strategy: The product contains a cis-di substituted cyclopropane ring, which can be 

formed from a Simmons-Smith reaction of CH2I2 with a cis alkene. The alkene with a cis 
bond can be produced from an alkyne by hydrogenation using a Lindlar catalyst. The 
needed alkyne can be formed from the starting material shown by an alkylation using 
bromomethane. 



Solution: 



CH 3 CH 2 CH 2 CH 2 C = CH 



1. NaNH 2 , NH 3 

2. CH 3 Br 



H H 
\ / 
C 



/\ 

H'^ C— C C'H 
CHjCHgCHjCHg CH 3 



CH2I2 

Zn (Cu) 



CH 3 CH 2 CH 2 CH 2 C = CCH 3 



h 2 

Lindlar catalyst 



H 

\ 



H 

/ 



C=C 
/ \ 

ch 3 ch 2 ch 2 ch 2 ch 3 





CH 



1 . bh 3 , thf 

2. H 2 0 2) “0H 





The trans double bond in the target molecule is a product of reduction of a triple bond with 
Li in NH 3 . The alkyne was formed by an alkylation of a terminal alkyne with 
bromomethane. The terminal alkyne was synthesized from the starting alkene by 
bromination, followed by dehydrohalogenation. 
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8.34 

(a) 

ch 3 ch 2 c=ch 



2 Cl 2 ^ 
CH 2 CI 2 



CH 3 CH 2 C(CI 2 )CHCI 2 

,2,2-Tetrachlorobutane 



(b) 



ch 3 ch 2 c=ch 



h 2 3 
Lindlar 
catalyst 



CH 3 CH 2 CH = CH 2 



— ^ CH 3 CH 2 CH— CHo 
KOH 32 2 

l,l-Dichloro-2-ethyl- 

cyclopropane 



8.35 



In all of these problems, an acetylide ion (or an anion of a terminal alkyne) is alkylated by a 
haloalkane. 



(a) 

HC = CH 



1 . NaNH 2 , NH 3 

2. CH 3 CH 2 CH 2 Br 



CH 3 CH 2 CH 2 C = CH 



(b) 

HC=CH 



1 . NaNH 2 , NH 3 

2. CH 3 CH 2 Br 



CH 3 CH 2 C = CH 



1. NaNH 2 , NH 3 

2. CH 3 CH 2 Br 



CH 3 CH 2 C = CCH 2 CH 3 



(c) 

HC=CH 



1 . NaNH 2 , NH 3 

2. (CH 3 ) 2 CHCH 2 Br > 



(CH 3 ) 2 CHCH 2 C=CH 

1 H 2 , Lindlar catalyst 
or Li in NH 3 

(CH 3 ) 2 CHCH 2 CH = CH 2 



(d) 

ch 3 ch 2 ch 2 c=ch 
from (a) 



1 . NaNH 2 , NH 3 

2. CH 3 CH 2 CH 2 Br 



CH 3 CH 2 CH 2 C = CCH 2 CH 2 CH 3 
I H 2 0, h 2 so 4 

o \ HgS0 4 

CH 3 CH 2 CH 2 CCH 2 CH 2 CH 2 CH 3 



Hydroboration/oxidation can also be used to form the ketone from 4-octyne. 



1 . NaNH 2 , NH 3 

2. ^30^120^120^126^ 



CH 3 CH 2 CH 2 CH 2 C=CH 
1 . BH 3 , THF 
v 2. H 2 0 2> “OH 



ch 3 ch 2 ch 2 ch 2 ch 2 cho 
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8.36 

(a) 

P 2 

CHqCHoC — CCH 0 CH 3 

6 d d J Lmdlar catalyst 



D D 
\ / 

C = C 
/ \ 

CH 3 CH 2 ch 2 ch 3 



(b) 



CH 3 CH 2 C = CCH 2 CH 3 



Li in ND 3 



d n / ch 2 ch 3 

c=c 

ch 3 ch 2 d 



(c) 

ch 3 ch 2 ch 2 c=ch 



NaNH 2 
nh 3 * 



[CH 3 CH 2 CH 2 C = c: - Na^ 



D 3 0 + 

- CH 3 CH 2 CH 2 C = CD 




8.37 



HC = CH 



1 . 2 NaNH 2 , NH 3 
2. BrCH 2 (CH 2 ) 6 CH 2 Br 



8.38 Strategy: Muscalure is a C 23 alkene. The only functional group present is the double 

bond between C 9 and Cjo- Since our synthesis begins with acetylene, we can assume that 
the double bond can be produced by hydrogenation of a triple bond. 

Solution: 

1 . NaNH 2 , NH 3 1 . NaNHo, NHo 

HCSCH 2.CH 3 (CH 2 ) 6 CH 2 Br * CH 3 (CH 2 > 7 C=CH » 



CH 3 (CH 2 ) 6 CH 2 / CH 2 (CH 2 ) 11 CH 3 
/C =C 
H H 
(Z)-9-Tricosene 



CH 3 (CH 2 ) 7 C = C(CH 2 ) 1 2 ch 3 



Lindlar 

catalyst 
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8.39 





ch 2 ch 2 ch 3 



B 



j plus other fragments 

H 

I 




C 



8.40 



HoC-C = C — C=C — CH 2 

i i 

h 2 c— c=c— c=c— ch 2 




\ h ° 3 

2. Zn, H 3 0 + 




2 H0 2 CCH 2 CH 2 C0 2 H 
+ 

2 H0 2 C — C0 2 H 
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8.42 



0 OH CH 3 

CH 3 CCH 3 ^ C T C: ■ Na - ch 3 cc=ch Hz0 > h 2 c=cc=ch 
3 3 2. H 3 0 + 3 1 H 0 SO 4 2 

ch 3 ch 3 

h 2 c=cch=ch 2 

2-Methyl-l, 3-butadiene 



H 2 „ 

Lindlar catalyst 



8.43 




8.44 (1) Erythrogenic acid contains six degrees of unsaturation (see Sec. 6.2 for the method of 
calculating unsaturation equivalents for compounds containing elements other than C 
and H). 

(2) One of these double bonds is contained in the carboxylic acid functional group -CO 2 H; 
thus, five other degrees of unsaturation are present. 

(3) Because five equivalents of H 2 are absorbed on catalytic hydrogenation, erythrogenic 
acid contains no rings. 

(4) The presence of both aldehyde and carboxylic acid products of ozonolysis indicates that 
both double and triple bonds are present in erythrogenic acid. 

(5) Only two ozonolysis products contain aldehyde functional groups; these fragments 
must have been double-bonded to each other in erythrogenic acid. 

H 2 C=CH(CH 2 ) 4 C= 

(6) The other ozonolysis products result from cleavage of triple bonds. However, not 
enough information is available to tell in which order the fragments were attached. The 
two possible structures: 

A H 2 C=CH(CH2)4C=C-C=C(CH2)7C0 2 H 
B H 2 C=CH(CH2)4C=C(CH2)7C=CC0 2 H 

One method of distinguishing between the two possible structures is to treat 
erythrogenic acid with two equivalents of H 2 , using Lindlar catalyst. The resulting 
trialkene can then be ozonized. The fragment that originally contained the carboxylic 
acid can then be identified. 
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8.45 This reaction mechanism is similar to the mechanism of halohydrin formation. 



-Br-r— Br 
1 / 



*CH 







attack of n electrons 
on Br 2 




(Section 8.4 - for mechanism, see Problem 8.47) 



8.46 



n bonds 




This simplest cumulene is pictured above. The carbons at the end of the cumulated double 
bonds are sp 2 - hybridized and form one n bond to the "interior" carbons. The interior 
carbons are sp-hybridized; each carbon forms two n bonds - one to an "exterior" carbon 
and one to the other interior carbon. If you build a model of this cumulene, you can see that 
the substituents all lie in the same plane. This cumulene can thus exhibit cis-trans 
isomerism, just as simple alkenes can. 

In general, the substituents of any compound with an odd number of adjacent double 
bonds lie in a plane; these compounds can exhibit cis-trans isomerism. The relationship of 
substituents at the ends of any compound with an even number of adjacent double bonds 
will be explained in the next chapter. 
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8.47 




enol 



Repeating this process several times replaces all hydrogen atoms with deuterium atoms. 
The first line represents the mechanism for acid-catalyzed tautomerization of a ketone. 




Review Unit 3: Alkenes and Alkynes 



Major Topics Covered (with vocabulary): 

Introduction to alkenes: 

degree of unsaturation methylene group vinyl group allyl group cis-trans isomerism 
E,Z isomerism sequence rules heat of hydrogenation hyperconjugation 

Electrophilic addition reactions: 

electrophilic addition reaction regiospecific Markovnikov's rule Hammond Postulate 
carbocation rearrangement hydride shift 

Other reactions of alkenes: 

dehydrohalogenation dehydration anti stereochemistry bromonium ion halohydrin 
hydration oxymercuration hydroboration syn stereochemistry carbene stereospecific 
Simmons-Smith reaction hydrogenation hydroxylation diol osmate molozonide ozonide 

Polymerization reactions: 

polymer monomer chain branching radical polymerization cationic polymerization 
Alkynes: 

alkyne enyne vicinal tautomer Lindlar catalyst acetylide anion alkylation 
Organic Synthesis. 



Types of Problems: 

After studying these chapters you should be able to: 

- Calculate the degree of unsaturation of any compound, including those containing N, O, and 
halogen. 

- Name acyclic and cyclic alkenes and alkynes, and draw structures corresponding to names. 

- Assign E,Z priorities to groups. 

- Assign cis-trans and E,Z designations to double bonds. 

- Predict the relative stability of alkene double bonds. 

- Formulate mechanisms of electrophilic addition reactions. 

- Predict the products of reactions involving alkenes and alkynes. 

- Choose the correct alkene or alkyne starting material to yield a given product. 

- Deduce the structure of an alkene or alkyne from its molecular formula and products of 
cleavage. 

- Carry out syntheses involving alkenes and alkynes. 



Points to Remember: 

* Calculating the degree of unsaturation is an absolutely essential technique in the structure 
determination of all organic compounds. It is the starting point for deciding which functional 
groups are or aren't present in a given compound, and eliminates many possibilities. When a 
structure determination problem is given, always calculate the degree of unsaturation first. 
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* All cis-trans isomers can also be described by the E,Z designation, but not all E,Z isomers can 
be described by the cis-trans designation. 

* Bond dissociation energies, described in Chapter 5, measure the energy required to 
homolytically break a bond. They are not the same as dissociation enthalpies, which measure 
the ability of a compound to dissociate heterolytically. Bond dissociation energies can be used 
to calculate dissociation enthalpies in the gas phase if other quantities are also known. 

* Not all hydrogens bonded to carbons adjacent to a carbocation can take part in 
hyperconjugation at the same time. At any given instant, some of the hydrogens have C-H 
bonds that lie in the plane of the carbocation and are not suitably oriented for hyperconjugative 
overlap 

* Although it is very important to work backwards when planning an organic synthesis, don't 
forget to pay attention to the starting material, also. Planning a synthesis is like solving a maze 
from the middle outward: keeping your eye on the starting material can keep you from running 
into a dead end. 

* The reagent U/NH 3 is used to reduce an alkyne to a trans alkene; the reagent NaNH 2 /NH 3 is 
used to form an acetylide anion. It is easy to confuse the two reagents. 



Self-Test: 



(CH 3 ) 3 C h 

c=c 

/ \ 

H CH(CH 3 ) 2 

A 



ch 2 ch 3 

ch 3 ch 2 cch 2 c=ch 

ch 3 



Provide names for A and B (include bond stereochemistry). Predict the products of reaction 
of A and B with (a) 1 equiv HBr (b) H 2 , Pd/C (c) BH 3 , THF, then H 2 0 2 , HO~ (d) 0 3 , then 
Zn, H 3 0 + . Give a reagent that reacts with A but not B. Give a reagent that reacts with B, but not 




What is the configuration of the double bond in the side chain of C? What products result 
from treatment of C with KMn0 4 , H 3 0 + (neither the aromatic ring nor the amine are affected)? 
How might the triple bond have been introduced? 

Give E,Z configurations for the double bonds in D. 
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Multiple Choice: 

1 . What is the degree of unsaturation of a compound whose molecular formula is Ci 1H13N? 

(a) 4 (b )5 (c) 6 (d) 7 

2 . Two equivalents of H2 are needed to hydrogenate a hydrocarbon. It is also known that the 
compound contains two rings and has 15 carbons. What is its molecular formula? 

(a) C15H22 (b) C15H24 (c) C15H28 (d) C15H32 

3 . Which group is of lower priority than -CH=CH2? 

(a) -CH(CH 3 ) 2 (b) -CH=C(CH 3 ) 2 (c)-OCH (d) -C(CH 3 ) 3 

4 . What is the usual relationship between the heats of hydrogenation of a pair of cis/trans alkene 
isomers? 

(a) Both have positive heats of hydrogenation (b) Both have negative heats of 
hydrogenation, and Af/hydrog f° r the cis isomer has a greater negative value (c) Both have 
negative heats of hydrogenation, and A//h y drog for the trans isomer has a greater negative 
value (d) Both have negative heats of hydrogenation, but the relationship between the two 
values of Atfhydrog can't be predicted. 

5 . In a two-step exergonic reaction, what is the relationship of the two transition states? 

(a) both resemble the intermediate (b) the first resembles the starting material, and the 
second resembles the product (c) the first resembles the intermediate and the second 
resembles the product (d) there is no predictable relationship between the two transition 
states 

6. For synthesis of an alcohol, acid-catalyzed hydration of an alkene is useful in all of the 
following instances except: 

(a) when an alkene has no acid-sensitive groups (b) when an alkene is symmetrical 

(c) when a large amount of the alcohol is needed 

(d) when two possible carbocation intermediates are of similar stability. 

7 . A reaction that produces a diol from an alcohol is a: 

(a) hydration (b) hydrogenation (c) hydroboration (d) hydroxylation 

8 . Which of these cyclic intermediates is not part of an oxidative cleavage reaction? 

(a) ozonide (b) molozonide (c) osmate (d) periodate 

9 . An end is a tautomer of an: 

(a) alcohol (b) alkyne (c) alkene (d) ketone 

1 0 . Which reaction proceeds through a vinylic radical? 

(a) Hg-catalyzed hydration of an alkyne (b) Li/NH 3 reduction of an alkyne 

(c) catalytic hydrogenation of an alkyne (d) treatment of an alkyne with a strong base 




Chapter 9 - Stereochemistry 



Chapter Outline 



I. Handedness (Sections 9.1 - 9.4). 

A. Enantiomers and tetrahedral carbon (Section 9.1). 

When four different groups are bonded to a carbon atom, two different 
arrangements are possible. 

a. These arrangements are mirror images. 

b. The two mirror-image molecules are enantiomers. 

B . The reason for handedness in molecules: Chirality (Section 9.2). 

1 . Molecules that are not superimposable on their mirror-images are chiral. 

a. A molecule is not chiral if it contains a plane of symmetry. 

b . A molecule with no plane of symmetry is chiral. 

2 . A carbon bonded to four different groups is a chirality center. 

3 . Any -CH 2 - or -CH 3 carbon is achiral. 

C. Optical activity (Section 9.3). 

1 . Solutions of certain substances rotate the plane of plane-polarized light. 

These substances are said to be optically active. 

2. The amount of rotation can be measured with a polarimeter. 

3 . The direction of rotation can also be measured. 

a. A compound whose solution rotates plane-polarized light to the right is 
dextrorotatory. 

b . A compound whose solution rotates plane-polarized light to the left is 
levorotatory. 

4 . Specific rotation. 

a. The amount of rotation depends on concentration, path length and wavelength. 

b . Specific rotation is the observed rotation of a sample with concentration = 1 
g/mL, sample path length of 1 dm, and light of wavelength = 589 nm. 

c. Specific rotation is a physical constant characteristic of a given optically active 
compound. 

D. Pasteur's discovery of enantiomerism (Section 9.4). 

1 . Pasteur discovered two different types of crystals in a solution that he was 
evaporating. 

2. The crystals were mirror images. 

3 . Solutions of each of the two types of crystals were optically active, and their 
specific rotations were equal in magnitude but opposite in sign. 

4 . Pasteur postulated that some molecules are handed and thus discovered the 
phenomenon of enantiomerism. 

II. Stereoisomers and configurations (Sections 9.5 - 9.8). 

A. Specification of configurations of stereoisomers (Section 9.5). 

1 . Rules for assigning configurations at a chirality center: 

a. Assign priorities to each group bonded to the carbon by using Cahn-Ingold- 
Prelog rules (Section 6.5). 

b . Orient the molecule so that the group of lowest priority is pointing to the rear. 

c. Draw a curved arrow from group 1 to group 2 to group 3. 

d. If the arrow rotates clockwise, the chirality center is R, and if the arrow rotates 
' counterclockwise, the chirality center is S. 

2. The sign of rotation is not related to R,S designation. 

3 . X-ray experiments have proven R,S conventions to be correct. 
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B. Diastereomers (Section 9.6). 

1 . A molecule with two chirality centers can have four possible stereoisomers. 

a. The stereoisomers group into two pairs of enantiomers. 

b . A stereoisomer from one pair is the diastereomer of a stereoisomer from the 
other pair. 

2. Diastereomers are stereoisomers that are not mirror images. 

3 . Epimers are diastereomers whose configuration differs at only one chirality center. 

C. Meso compounds (Section 9.7). 

1 . A meso compound occurs when a compound with two chirality centers possesses a 
plane of symmetry. 

2. A meso compound is achiral despite having two chirality centers. 

3. The physical properties of meso compounds, diastereomers and racemic mixtures 
differ from each other and from the properties of enantiomers. 

F. Racemic mixtures and their resolution (Section 9.8). 

1 . A racemic mixture is a 50:50 mixture of two enantiomers. 

Racemic mixtures show zero optical rotation. 

2. Some racemic mixtures can be resolved into their component enantiomers. 

a. If a racemic mixture of a carboxylic acid reacts with a chiral amine, the product 
ammonium salts are diastereomers. 

b. The diastereomeric salts differ in chemical and physical properties and can be 
separated. 

c . The original enantiomers can be recovered by acidification. 

III. A review of isomerism (Section 9.9). 

A. Constitutional isomers differ in connections between atoms. 

1 . Skeletal isomers have different carbon skeletons. 

2. Functional isomers contain different functional groups. 

3. Positional isomers have functional groups in different positions. 

B. Stereoisomers have the same connections between atoms, but different geometry. 

1 . Enantiomers have a mirror-image relationship. 

2. Diastereomers are non-mirror-image stereoisomers. 

a. Configurational diastereomers. 

b . Cis-trans isomers differ in the arrangement of substituents in a double bond or 
ring. 

IV. Stereochemistry of reactions (Sections 9. 10 - 9. 1 1). 

A. Addition of H 2 O to an achiral alkene (Section 9.10). 

1 . When H 2 O adds to an achiral alkene, a racemic mixture of products is formed. 

2. The achiral cationic intermediate can react from either side to produce a racemic 
mixture. 

3 . Alternatively, the transition states for top side reaction and bottom side reaction are 
enantiomers and have the same energy. 

4. Enzyme-catalyzed reactions give a single enantiomer, even when the substrate is 
achiral. 

B . Addition of H 2 O to a chiral alkene (Section 9. 1 1). 

1 . When H* adds to a chiral alkene, the intermediate carbocation is chiral. 

2. The original chirality center is unaffected by the reaction. 

3 . Reaction of H 2 O with the carbocation doesn't occur with equal probability from 
either side, and the resulting product is an optically active mixture of diastereomeric 
alcohols. 

4. Reaction of a chiral reactant with an achiral reactant leads to unequal amounts of 
diastereomeric products. 
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V. Chirality at atoms other than carbon (Section 9.12). 

A. Other elements with tetrahedral atoms can be chirality centers. 

B . Trivalent nitrogen can, theoretically, be chiral, but rapid inversion of the nitrogen lone 
pair interconverts the enantiomers. 

C. Chiral phosphines can be isolated because their rate of inversion is slower. 

VI. Prochirality (Section 9.13). 

A. A molecule is prochiral if it can be converted from achiral to chiral in a single chemical 
step. 

B . Identifying prochirality. 

1 . For sjr carbon, draw the plane that includes the atoms bonded to the sp 2 carbon. 

a. Assign priorities to the groups bonded to the carbon. 

b. Draw an curved arrow from group 1 to group 2 to group 3. 

c. The face of the plane on which the curved arrow rotates clockwise is the re face. 

d. The face on which the arrow rotates counterclockwise is the si face. 

2. An atom that is s/^-hybridized may have a prochirality center if, when one of its 
attached groups is replaced, it becomes a chirality center. 

a. For -CH2X, imagine a replacement of one hydrogen with deuterium. 

b. Rank the groups, including the deuterium. 

c. If the replacement leads to R chirality, the atom is pro-R. 

d. If the replacement leads to S chirality, the atom is pro-S. 

C. Many biochemical reactions involve prochiral compounds. 

VII. Chirality in nature (Section 9.14). 

A. Different enantiomers of a chiral molecule have different properties in nature. 

1 . (+)-Limonene has the odor of oranges, and (-)-limonene has the odor of lemons. 

2 . Racemic fluoxetine is an antidepressant, but the S enantiomer is effective against 
migraine. 

B . In nature, a molecule must fit into a chiral receptor, and only one enantiomer usually 
fits. 

C. Enantioselective synthesis allows for the synthesis of one enantiomer of a compound, 
rather than a racemic mixture. 



Solutions to Problems 



9 . 1 Objects having a plane of symmetry are achiral. 

Chiral: screw, beanstalk, shoe. 

Achiral: screwdriver. 

9 . 2 Strategy: Use the following rules to locate centers that are not chirality centers. 

1 . All -CH3 and -CX3 carbons are not chirality centers. 

2. All -CH2 and -CX2- carbons are not chirality centers. 

I I 

3. All — C =C — and — C=C — carbons are not chirality centers 
By rule 3, all aromatic ring carbons are not chirality centers. 
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9.3 



Solution: 

(a) (b) 




Coniine 



Menthol 




H a 

H 3 C 



COoH 

I 

C. 

nh 2 



h 2 n 



co 2 h 

I 





Alanine 



9.4 



(a) 



HO H 

\ r 



HO. 



' * C 

/ v 



'C' * 'C' "o 

'V 



H h H OH 
Threose 



(b) 



F x / F x , F 

H "c-" C "o" C "h 

/ 

F Cl 



Enflurane 

9.5 By convention, a (-) rotation indicates rotation to the left, and thus cocaine is levorotatory. 



9.6 



Strategy: 

Use the formula [a] D 

Md 

a 

l 

C 

In this problem: a 

l 

C 

[a] D 



, where 

l x C 

specific rotation 
observed rotation 
path length of cell (in dm) 
concentration (in g/mL) 

1 . 21 ° 

5.00 cm = 0,500 dm 

1.50 g/10.0 mL = 0.150 g/mL 

+ 1 . 21 ° 

0.500 dm x 0.150 g/mL 



Solution: 



= +16.1 
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9 . 7 Use the sequence rules in Section 9.5. 

(a) By Rule 1, -H is of lowest priority, and -OH is of highest priority. By Rule 2, 
-CH 2 CH 2 OH is of higher priority than -CH 2 CH 3 . 

Highest ► Lowest 

-OH, -CH 2 CH 2 OH, -CH 2 CH 3 , -H 



— O O — 

\ / 

(b) By Rule 3, -CO 2 H is considered as — C— OH. Because 3 oxygens are attached 

to a -CO 2 H carbon and only one oxygen is attached to -CH 2 OH, -CO 2 H is of higher 
priority than -CH 2 OH. -C 0 2 CH 3 is of higher priority than -CO 2 H by Rule 2, and -OH is 
of highest priority by Rule 1. 

Highest ► Lowest 

(b) —OH, — co 2 ch 3 . — C0 2 H, — ch 2 oh 
( C ) — NH 2 , — CN, — ch 2 nhch 3 , — ch 2 nh 2 
(d) — SSCH 3 , — SH, — CH 2 SCH 3 , — ch 3 

9 . 8 Strategy: All stereochemistry problems are easier if you use models. Part (a) will be 
solved by two methods - with models and without models. 

(a) With models: Build a model of (a). Orient the model so that group 4 is pointing to the 
rear. Note the direction of rotation of arrows that go from group 1 to group 2 to group 3. 
The arrows point counterclockwise, and the configuration is S. 

Without models: Imagine yourself looking at the molecule, with the group of lowest 
priority pointing to the back. Your viewpoint would be at the upper right of the molecule, 
and you would see group 1 on the left, group 3 on the right and group 2 at the bottom. The 
arrow of rotation travels counterclockwise, and the configuration is S. 



Solution: 
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9.9 Strategy: 

Step 1. For each chirality center, rank substituents by the Cahn-Ingold-Prelog system; 
give the number 4 to the lowest priority substituent. For part (a): 



Substituent Priority 

-SH 1 

-C0 2 H 2 

-CH 3 3 

-H 4 



Step 2. As in the previous problem, orient yourself so that you are 1 80° from the lowest 
priority group (indicated by the arrow in the drawing). From that viewpoint, draw the 
molecule as it looks when you face it. Draw the arrow that travels from group 1 to group 2 
to group 3, and note its direction of rotation. The molecule in (a) has S configuration. 



Solution: 




In (b), the observer is behind the page, looking out and down toward the right. In (c), the 
observer is behind the page looking out and up to the left. 



9.10 

*? H 

CH 3 CH 2 CH 2 CCH 3 (S)-2-Pentanol 
H 



Substituent Priority 

—OH 1 

— CH 2 CH 2 CH 3 2 

— CH 3 3 

— H 4 



H .\H > CH 3 

0 J 

^ch 2 ch 2 ch 3 



H 




ch 2 ch 2 ch 3 




Stereochemistry 



191 



9.11 Fortunately, methionine is shown in the correct orientation. 



d A *■ 

CH 3 SCH 2 CH 2 ^ h> c ° 2 h (S)-Methionine 

O j 



nh 2 



9.12 For (a): 



CHO 

CH 2 OP 



1 

HO 



CO 



2 

CHO 
R 



3CH(0H) 

CH 2 OP 



9HO 

H^^OH 

H^V^OH 

CH 2 OP 



1 

HO, 



, VH> , ' 
i C R 

3 CH 2 OP 



CH(OH)CHO 



(a )R,R 



(b) S,R 



(c) R,S 



(d )S,S 



9.13 



a, d are enantiomers and are diastereomeric with b, c. 

b, c are enantiomers and are diastereomeric with a, d. 

Structure (a) is D-erythrose, structure (d) is its enantiomer, and structures (b) and (c) are its 
diastereomers. 



H OH 

^ch 2 oh 




FI “ Chloramphenicol 

H NHCOCHCI 2 



9.14 



HoC H 

ho 2 c^ 



ch 2 ch 3 



H NHp 



Isoleucine 
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9.15 Strategy: To decide if a structure represents a meso compound, try to locate a plane of 
symmetry that divides the molecule into two halves that are mirror images. Molecular 
models are always helpful. 



Solution. 




(b) and (c) are not meso structures. 



(d) 



H 

Brv c > 



HoC 






Br 



ch 3 

H 



Br < ^ > CH 3 

< X x 

Br^ ! ^CHo 
H 3 



plane of 
symmetry 

meso 



9.16 Strategy: For a molecule to exist as a meso form, it must possess a plane of symmetry. 
2,3-Butanediol can exist as a pair of enantiomers or as a meso compound, depending on 
the configurations at carbons 2 and 3. 



Solution: 

(a) 



HO. 



H 



4 CHo 



s' S 

<9> 

H 3 C r ! ^OH 



H 



not meso 



H 

H 3 C K ! ^OH 
n i« 

HO ! ^CH, 
H 3 



HO. 



4 CHo 






3^ 



HO r 1 > CH 3 
H 3 



plane of 
symmetry 

meso 



(b) 2,3-Pentanediol has no symmetry plane and thus can't exist in a meso form. 



(c) 2,4-Pentanediol can exist in a meso form. 



HO. 



4 CHo 



z: 



_CHg_ 



7 



HO 



CHo 



plane of 
symmetry 



2,4-Pentanediol can also exist as a pair of enantiomers (2R,4R) and (25,45) that are 
not meso compounds. 
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9.17 The molecule represents a meso compound. The symmetry plane passes through the 

carbon bearing the -OH group and between thr two ring carbons that are bonded to methyl 
groups. 




h 3 c ch 2 ch 3 h 3 c ch 2 ch 3 

Acetic acid (S)-2-Butanol sec-Butyl acetate 



The product is the pure 5-ester. No new chirality centers are formed during the reaction, 
and the configuration at the chirality center of (5)-2-butanol is unchanged. 

9.19 




An S,S salt 

The two product salts have the configurations ( R,S ) and (S,S) and are diastereomers. 
9.20 (a) 




(S)-5-Chloro-2-hexene Chlorocyclohexane 

These two compounds are constitutional isomers (skeletal isomers). 



(b) The two dibromopentane stereoisomers are diastereomers. 
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9.21 Look back to Figure 9.16, which shows the reaction of (/?)-4-methyl-l -hexene with 

H 3 0 + . In a similar way, we can write a reaction mechanism for the reaction of H30 + with 
(5)-4-methyl- 1 -hexene. 




The products shown above are diastereomers and are formed in unequal amounts. 

The (25,45) stereoisomer is the enantiomer of the (2R,4R) isomer (shown in Figure 
9.16), and the transition states leading to the formation of these two isomers are 
enantiomeric and of equal energy. Thus, the (25,45) and (2R, 4R) enantiomers are formed 
in equal amounts. A similar argument can be used to show that the (2R , 45 )and (25,4/?) 
isomers are formed in equal amounts. 
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9.22 




1/?,3S 



15,35 



15,3/? 



1R,3R 



Two enantiomeric carbocations are formed. Each carbocation can react with H 2 O from 
either the top or the bottom to yield a total of four stereoisomers. The same argument used 
in Problem 9.21 can be used to show that the ( 15,3 /? ) and (IR,3S) enantiomers are 
formed in equal amounts, and the (15,35) and (1R,3R) isomers are formed in equal 
amounts. The result is a non-50:50 mixture of two racemic pairs. 



9.23 Strategy: For each molecule, replace the left hydrogen with 2 H. Give priorities to the 
groups and assign R,S configuration to the chirality center. If the configuration is R , the 
replaced hydrogen is pro-R , and if the configuration is 5, the replaced hydrogen is pro-S. 



Solution: 




(S)-Glyceraldehyde 
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(b) 2 i 




h 3 n h 
+ 



(S)-Alanine 



chco 2 “ 




9.24 Strategy: Draw the plane that includes the sp 2 carbon and its substituents, and rank the 
substituents. For the upper face, draw the arrow that proceeds from group 1 to group 2 to 
group 3. If the direction of rotation is clockwise, the face is the Re face; if rotation is 
counterclockwise, the face is the Si face. 



Solution: 

(a) Re face (b) R e face 



* I 




t ♦ 



Hydroxyacetone Si face Crotyl alcohol Si face 



9.25 Strategy: Use the strategy in the previous problem to identify the faces of the plane that 
contains the sp 2 carbon. Draw the product that results from reaction at the Re face, and 
assign configuration to the chirality center. 



Solution: 

Re face 




t 

Pyruvate Si face (S)-Lactate 
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9.26 



Addition of -OH takes place on the Re face of aconitate. Addition of -H also occurs on the 
Re face to yield (2/?,3S)-isocitrate. The overall result is an anti addition. 

Re face 




Visualizing Chemistry 

9.27 Structures (a), (b), and (d) are identical (R enantiomer), and (c) represents the S 
enantiomer. 



9.28 



9.29 



(a) 



H 2 N. / C0 2 H 
J x . 

H CH 2 OH 
(S)-Serine 




2 4 1 

HOoCw H>NH 2 

tu 

^ CHoOH 



HO^h>CH 2 NHCH 3 

UJ n 

R 0 . 

3 R = ring 





Cl H 
not meso 
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9.30 




H 

. .NHCH 



3 



HoC 



H 



Pseudoephedrine 



Additional Problems 



9.31 



(a) 



CHo CH 3 

|* I 

CH3CH2CH2CHCH2CHCH3 



(b) 



CHo CH0CH0 

11 

CH 3 CH 2 CCH 2 CHCH2CH3 

CHo 



2,4-Dimethylheptane has one chirality center. 



5-Ethyl-3,3-dimethylheptane is achiral. 



(c) 



Cl 



as-l,4-Dichlorocyclohexane is achiral. Notice the plane of 
symmetry that passes through the -Cl groups. 



(d) CH 3 C=CCHCHC=CCH 3 

h 3 c ch 3 



4,5-Dimethyl-2,6-octadiyne has two 
chirality centers. 



The chirality of (d) depends on the configuration at both of the chirality centers. The ( R,R ) 
and ( S,S ) isomers are chiral enantiomers; the ( R,S ) isomer is an achiral meso compound. 



9.32 



CH3CH2CH2CHCH3 

* 

2-Chloropentane 



(b) 



OH 

I 

CH3CH2CH2CH2CHCH3 

* 

2-Hexanol 



(c) 



CHo 

I 3 

CH 3 CH 2 CHCH = CH 2 

* 



3-Methyl- 1-pentene 



(d) 



ch 3 



CH 3 CH2CH2CH 2 CHCH 2 CH3 

3-Methylheptane 
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/ 


/ 


OH ,/ 

1 y 


OH CH 3 

1 1 05 


ch 3 ch 2 ch 2 ch 2 ch 2 oh 


ch 3 ch 2 ch 2 chch 3 ch 3 ch 2 chch 2 ch 3 ch 3 cch 2 < 


achiral 


chiral 




achiral CH 3 








/ _ achiral 


ch 3 


OH . 
1 


OH 

| 


y ch 3 


ch 3 ch 2 chch 2 oh 


ch 3 ch 2 cch 3 


CHoCHCHCH 
1 * 


3 hoch 2 ch 2 chch 3 


chiral 


ch 3 


CH 3 


achiral 




achiral 


chiral 





9.34 Strategy: Draw the five C6H14 isomers. 

CH3CH2CH2CH2CH2CH3 CH 3 CH2CH 2 CH(CH3)2 CH 3 CH 2 CH(CH 3 )CH 2 CH 3 

3 kinds of -H 5 kinds of -H 4 kinds of -H 

(CH 3 ) 2 CHCH(CH3)2 CH 3 CH 2 C(CH3)3 

2 kinds of -H 3 kinds of -H 



17 different monobromo compounds can be formed from the isomers. You may need to 
draw all of them to find the nine that are chiral: 

Solution: 



Br 

I 

CH3CH2CH2CH2CHCH3 

Br 

I 

CH 3 CH 2 CHCH(CH3) 2 

* 

Br 

I 

CH 3 CH 2 CH(CH 3 )CHCH 3 

* * 



Br 

I 

CH3CH2CH2CHCH2CH3 

Br 

I 

CH 3 CHCH 2 CH(CH3)2 



(CH 3 ) 2 CHCH(CH3)CH 2 Br 



CH 3 CH 2 CH 2 CH(CH 3 )CH 2 Br 



CH 3 CH 2 CH(CH 3 )CH2CH 2 Br 

Br 

I 

CH 3 CHC(CH 3 ) 3 

* 



9.35 





(b) 


(C) 


OH 

| 


CO 

X 

O- 


Br OH 
| | 


ch 3 ch 2 chch 3 


ch 3 ch 2 chco 2 h 

* 


CH 3 CHCHCH- 

* * 



(d) 



Br 



CH 3 CHC 



/? 



\ 



9.36 Chiral: (d) golf club, (e) monkey wrench (because of the threads). 
Achiral: (a) basketball, (b) fork, (c) wine glass, (0 snowflake. 
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9.37 




Erythronolide B 



Erythronolide B has ten chirality centers. 



9.38 



(a) 



CH 2 CH 3 



(b) 






, ch 3 
ch 2 ch 3 



symmetry 
_ plane \ 



9 h 2 ch 3 

H^^CHg 



z_ 



CH 2 

-H- 



7 



h^?^ch 3 

ch 2 ch 3 



(C) 



CHo 



symmetry 

plane 



^OH 



H 






OH 



CH 3 

This compound is 
also a meso compound. 



9.39 The specific rotation of (2/?,3/?)-dichloropentane is equal in magnitude and opposite in 
sign to the specific rotation of (25,35)-dichloropentane because the compounds are 
enantiomers. There is no predictable relationship between the specific rotations of the 
(2/?, 35) and (2R,3R) isomers because they are diastereomers. 



9.40-9.41 



H 

HOh^^CHg 

1 5 

CH 2 

R C 

ho^V^(c 4 h 9 ) 

H 

2SAR 



H 



H 3 C^A^OH 

I* 

ch 2 

s' 



(C 4 H 9 ) 






OH 



H 

2RAS 



enantiomers 



H 

HO^i^CH 3 
I S 
ch 2 
s 1 

(C 4 H 9 )^9^0H 

H 

25,45 



H 

HaC^^OH 
I Ft 
CH 2 

*<L 

H0^V^(C 4 H 9 ) 

H 

2R AR 



enantiomers 



The (2/?, 45) stereoisomer is the enantiomer of the (25,4/?) stereoisomer. 

The (25,45) and (2R AR) stereoisomers are diastereomers of the (25,4/?) stereoisomer. 
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9.42 



9.43 



9.44 



9.45 



[a) 



(b) 






® 2 T® ^ 



d 



(C) 



? VP} 



dr'A'tD 



IV 





Highest 



- Lowest 



(a) — C(CH 3 ) 3 , — CH=CH 2 , — CH(CH 3 ) 2 , — CH 2 CH 3 

(b) ^ . — OCH, -C(CH 3 ) 3 , -CH=CH 2 

(c) — co 2 ch 3 , — coch 3 , — ch 2 och 3 , — ch 2 ch 3 

(d) — Br, — CH 2 Br, — CN , — CH 2 CH 2 Br 



(a) H OH 

Ys 



(b) Cl m H 




(c) H OCH 3 
HOCH 2 co 2 h 



(a) 



OH 



(b) 



(c) 



H k S^S^CH 3 HO^^NSyOH 

CH 3 Ch]| p'H H 3 C' \ / 'CH 3 
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9.46 



(a) 



9.47 



(a) 



U 



(b) 



'N N 

/S 



V S s 'CH 2 CH 2 CH 2 CH 2 C0 2 “ 

Biotin 



\h> CH 3 

K.V 



ch 2 ch 3 



Cl" y°^CH 2 CH 2 
CHo 




HO HH hq h 

Prostaglandin Ex 



(b) 

3 1 

CH 3 CH 2 ^ h> CI 

ch=ch 2 

2 



H 2 C=CHy C ^CI 
CH 2 CH 3 



9.48 



H 

I R 

H 0 2 C"y C ^'CH 2 SH 

H 2 N 



H 2 N' y C ^CH 2 SH 

co 2 h 



9.49 









--c; 



H 2 N "y XH 2 SH HSCH^ v'C 0 2 H ► H 2 N''y ^CH 2 S— SCHjT y" C0 2 h 



COoH 



NHp 



C0 2 H 



NHp 



Cystine has the ( S,S ) configuration and is optically active. 

9.50 Identical molecules: b (5 enantiomer), c ( R enantiomer), d ( S enantiomer). 
Pair of enantiomers: a 

9.51 

(a) (b) 



H Br 




H Br 
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9.52 



(a) 




(b) 



(2S',3/?)-2,3-Dibromopentane mcso-3,5-Heptanediol 



9.53 



(a) H OH ! H OH ( b ) H 3 C 

\ r : \ r 3 ~ 

^ h- 

H 3 C r CH£H2 s CH 3 



plane of 
symmetry 




_oh 3 

H 



plane of 
symmetry 



(c) 

plane of 
symmetry 



H 3 C 




OB- 



HoC 



9.54 



H OH 




CH 2 OH Ascorbic acid 



9.55 



(a) 



Cl 

H .CH 3 




H 3 C T H 



(b) 



h 3 c' /v t s ch 3 

3 H 3 



9.56 



HOH HOH 

OHC ^^Vs^CHgOH 
HOH 



(+)-Xylose 
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9.57 (a) -(c) 

H H H OH 



„CHO 



HO H HO H 

Ribose 



H H HO H 



CHO 



HO 

H OH H OH 
Enantiomer of ribose 



Ribose has three chirality centers, which give rise to eight stereoisomers, 
(d) Ribose has six diastereomers. 



H H H OH 




CHO 



H OH HO H 




CHO 



HO H h OH 



H H HO H 




CHO 



* CHO 



HO H H OH 



H H H OH 




* CHO 



CHO 



H OH HO H 



9.58 Ribitol is an optically inactive meso compound. Catalytic hydrogenation converts the 
aldehyde functional group into a hydroxyl group and makes the two halves of ribitol 
images of each other. 



H H H OH 



XHO H 2 



Pt catalyst 



plane of symmetry 
H H h ;OH 

CH 2 OH 



HO H HO H 




Ribose 



Ribitol 
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9.59 The initial product of hydroxy lation of a double bond is a cyclic osmate, which is reduced 
on treatment with NMO to cleave the osmium-oxygen bonds. Since no carbon-oxygen 
bonds are broken in the cleavage step, the final stereochemistry is the same as that of the 
initial adduct. The product is meso-2,3-butanediol. 



0s0 4 

/ 

H '' c = c '' H 
H 3 C r ^CH 3 
cis-2-Butene 

\ 0s0 4 




„c — 

H i k * H 
H 3 C ch 3 



NMO 



HC \* s/ OH 

— C N 

H'i k 'H 
H 3 C ch 3 



H H 

HoCw \ / * CHo 

3 ^c-c^ 3 

/ \ 

Ck .0 



NMO 



H H 

H 3 C vA '> CH 3 

^ c c 
/s R \ 

HO OH 
77i£S0-2,3-ButanedioI 



9.60 The osmates and the diol products of hydroxylation of /rarcs-2-butene are shown below. 
The product is a racemic mixture of the (R,R) and (S,S) enantiomers. 



0s0 4 



/ 



h -C = c-' CH 3 
H 3 (T N H 

trans- 2-Butene 



\ 



0s0 4 



^Os 

o P 

\ / 

„C — C s 

H'i k CH 3 

h 3 c h 



PH 3 



H 

H 3 C^\ i . H 

c— 

/ \ 

O 0 



NMO 



HC \* R/° H 

.c-c. 

H' i k 'CH 3 



HoC 



H 



NMO 



(2/?,3/?)-2,3-Butanediol 
ch 3 



H 

^H 

c— c 
/s s \ 

HO OH 



(2S,3iS)-2,3-Butanediol 



9.61 



0 

Hc-J-V 

|_j ^ I j_| 

ch 3 ch 2 ch 2 ! ch 2 ch 2 ch 3 



H ! H 

CH 3 CH 2 CH 2k \ ! ,^CH 2 CH 2 CH 3 

s c Cl> c /? 

<P 



Peroxycarboxylic acids can attack either the top side or the bottom side of a double bond. 
The epoxide resulting from top-side attack on ds-4-octene has two chirality centers, but 
because it has a plane of symmetry, it is a meso compound. The two epoxides are 
identical. 
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0 

* C '_ N C « 

H'« v CHoCHoCHo 
CH 3 CH 2 CH 2 H z d 6 



H CHpCHpCHq 
CH 3 CH 2 CH 2 / h 

S \/S 

o 



The epoxide formed by top-side attack of a peroxyacid on trans-4-octene has two chirality 
centers of R configuration. The epoxide formed by bottom-side attack has ( S,S ) 
configuration. The two epoxide enantiomers are formed in equal amounts and constitute a 
racemic mixture. 




(b) pro-S pro-R 




Methionine 





t * 

Pyruvate Si face Crotonate Re face 
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cis trans 

meso 



B and C are enantiomers and are optically active. Compound A is their diastereomer and is 
a meso compound, which is not optically active. 

The two isomeric cyclobutane- 1 ,3-dicarboxylic acids are achiral and are optically 
inactive. 





9.67 A has four multiple bonds/rings. 




2-Phenyl-3-pentanol is also an acceptable answer. 




